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ABSTRACT 
 
Flavour release from food is determined by the binding of flavours to other food 
ingredients and the partition of flavour molecules among different phases. Food 
emulsions are used as delivery systems for food flavours, and tailored structuring in 
emulsions provides novel means to better control flavour release.   
The current study investigated four structured oil-in-water emulsions with structuring 
in the oil phase, oil-water interface, and water phase. Oil phase structuring was 
achieved by the formation of monoglyceride (MG) liquid crystals in the oil droplets 
(MG structured emulsions). Structured interface was created by the adsorption of a 
whey protein isolate (WPI)-pectin double layer at the interface (multilayer emulsion). 
Water phase structured emulsions referred to emulsion filled protein gels (EFP gels), 
where emulsion droplets were embedded in WPI gel network, and emulsions with 
maltodextrins (MDs) of different dextrose-equivalent (DE) values. Flavour 
compounds with different physicochemical properties were added into the emulsions, 
and flavour release (release rate, headspace concentration and air-emulsion partition 
coefficient) was described by GC headspace analysis. Emulsion structures, including 
crystalline structure, particle size, emulsion stability, rheology, texture, and 
microstructures, were characterized using differential scanning calorimetry and X-ray 
diffraction, light scattering, multisample analytical centrifuge, rheometry, texture 
analysis, and confocal laser scanning microscopy, respectively. 
In MG structured emulsions, MG self-assembled into liquid crystalline structures 
and stable β-form crystals were formed after 3 days of storage at 25 °C. The inclusion 
of MG crystals allowed tween 20 stabilized emulsions to present viscoelastic 
properties, and it made WPI stabilized emulsions more sensitive to the change of pH 
and NaCl concentrations. Flavour compounds in MG structured emulsions had lower 
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initial headspace concentration and air-emulsion partition coefficients than those in 
unstructured emulsions. Flavour release can be modulated by changing MG content, 
oil content and oil type. WPI-pectin multilayer emulsions were stable at pH 5.0, 4.0, 
and 3.0, but they presented extensive creaming when subjected to salt solutions with 
NaCl ≥ 150 mM and mixed with artificial salivas. Increase of pH from 5.0 to 7.0 
resulted in higher headspace concentration but unchanged release rate, and increase of 
NaCl concentration led to increased headspace concentration and release rate. The 
study also showed that salivas could trigger higher release of hydrophobic flavours 
and lower release of hydrophilic flavours. In EFP gels, increases in protein content 
and oil content contributed to gels with higher storage modulus and force at breaking. 
Flavour compounds had significantly reduced release rates and air-emulsion partition 
coefficients in the gels than the corresponding ungelled emulsions, and the reduction 
was in line with the increase of protein content. Gels with stronger gel network but 
lower oil content were prepared, and lower or unaffected release rates of the flavours 
were observed. In emulsions containing maltodextrins, water was frozen at a much 
lower temperature, and emulsion stability was greatly improved when subjected to 
freeze-thawing. Among different MDs, MD DE 6 offered the emulsion the highest 
stability. Flavours had lower air-emulsion partition coefficients in the emulsions with 
MDs than those in the emulsion without MD. Moreover, the involvement of MDs in 
the emulsions allowed most flavours had similar release profiles before and after 
freeze-thaw treatment. 
The present study provided information about different structured emulsions as 
delivery systems for flavour compounds, and on how food structure can be designed 
to modulate flavour release, which could be helpful in the development of functional 
foods with improved flavour profile. 
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INTRODUCTION 
 
Emulsions are dispersions of one liquid (dispersed phase) into another (continuous 
phase), and the two liquids are mutually immiscible. Oil-in-water (O/W) and 
water-in-oil (W/O) emulsions are the two main types of emulsions, and they are 
widely used in the fields of food, cosmetics, pharmaceutics, petroleum, etc. Emulsions 
are generally produced through a homogenization process to break the dispersed 
phase into small droplets. High specific surface areas of the droplets are not 
energetically favoured, and therefore emulsions are thermodynamically unstable and 
liable to break, e.g., creaming, sedimentation, after a certain period of time 
(McClements, 2005). 
In the food industry, emulsions have long been used as delivery systems for functional 
food ingredients, e.g., vitamins, carotenoids, poly-unsaturated fatty acids, flavours 
(Velikow, Pelan, 2008; McClements, 2010). Taking O/W emulsions as examples, 
lipophilic ingredients can be incorporated into the oil droplets, and the interfacial 
layer covering oil droplets provide protection against external environment. The 
stability and release behaviour of the components can be modulated by changing the 
formulation (e.g., emulsifiers, thickening agents, salts) and structures (e.g., droplet 
size, droplet volume fraction, viscosity, texture) of the emulsions, and therefore 
controlled release is achievable (McClements, Decker, Weiss, 2007). Specifically for 
volatile flavour compounds, they distribute themselves among the water phase, oil 
phase and air phase of an emulsion according to the partition theory. Flavour release is 
determined by the volatility of the flavours and the barrier properties of the emulsion 
system (de Roos, 2000). The effects of food ingredients, including proteins, 
polysaccharides, and fats, on flavour release have been widely investigated, and 
interactions between flavour compounds and the emulsion ingredients involving 
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different mechanisms are reported (Guichard, 2002). It is known that oil content and 
oil nature play critical roles in the volatility of flavour compounds (mostly lipophilic), 
due to the high affinity between the two types of ingredients (de Roos, 1997). Some 
proteins and polysaccharides are also used as fat-replacers in some commercial food 
products, and they are working in mimicking textural properties (Kavas, Oysun, Kinik, 
Uysal, 2004; Yazici, Akgun, 2004). However, it is still challenging to design 
fat-reduced food with natural flavour profile. Emulsion structures mainly affect the 
mass transfer of the flavour molecules among different phases before reaching 
equilibrium, e.g., droplet size and emulsion viscosity have been reported to influence 
flavour release (van Ruth, King, Giannoudi, 2002; Charles, Lambert, Brondeur, 
Courthaudon, Guichard, 2000; Karaiskou, Blekas, Paraskevopoulou, 2008). 
Modification of emulsion structures can be achieved by applying suitable processing 
techniques, with no or slight change in formulation, and thus it can provide novel 
ways to modulate flavour release in food. 
Conventional emulsions are usually not effective in protecting and control the release 
of functional ingredients, including flavour compounds, due to their simple 
formulation and structures. To overcome the disadvantages, different types of 
structured emulsions, with structuring of the oil phase, interface, or water phase have 
been developed, e.g., multiple emulsion, multilayer emulsion, emulsion gel, solid 
lipid particles (McClements, Li, 2010). Many recent studies on food nutrients have 
shown that structured emulsions are more capable in protecting the labile nutrients 
from degradation, as well as modulate their digestion in the gastric-intestinal tract 
(McClements, Li, 2010). However, structured emulsions are less investigated as 
delivery systems for flavour compounds, and the effects of different structures in 
these emulsions on flavour release kinetics are not well understood.  
Introduction 
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In the present study, four structured emulsions, i.e., monoglyceride (MG) structured 
emulsions (oil phase structuring), multilayer emulsions (interface structuring), 
emulsion filled protein gels and emulsions containing maltodextrins (water phase 
structuring) were designed, and flavour compounds were incorporated into the 
systems. The overall objective of this study was to get a better understanding of the 
relationship between emulsion structures and flavour release, and was divided into the 
following four more specific objectives: 
(1) To prepare and characterize monoglyceride liquid crystal structured emulsions, 
and to explore the effects of crystalline structures on emulsion properties and 
subsequent flavour release as a function of monoglyceride content, oil content, or 
oil type. 
(2) To prepare and characterize whey protein isolate-pectin multilayer emulsions, and 
to explore the effects of the interface on flavour release as triggered by pH change, 
NaCl solutions and salivas. 
(3) To prepare and characterize cold-set emulsion filled protein gels, and to explore 
the effects of gelation on the rheological properties of emulsions and subsequent 
flavour release as a function of protein content or oil content.  
(4) To study the effects of different maltodextrins on emulsion stability against 
freeze-thawing, and how the physical stability affects flavour release, in 
comparison to flavour release from the emulsions without maltodextrin. 
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Abstract 
Food emulsions cover a wide range of food products, and they can act as delivery 
systems for functional food ingredients. Emulsion based delivery systems could be 
used to control the release, target the delivery, and inhibit unfavourable chemical 
reactions of the ingredients incorporated. Emulsions are thermodynamically unstable, 
and structuring in the water phase, oil phase, and interface could provide emulsions 
with improved physicochemical stability and delivering functionality. Flavour largely 
affects food acceptance, and many attempts have been made to understand flavour 
release from emulsions. In food emulsions, flavour compounds partition into different 
phases, and the releases are affected by various factors. Literature studies revealed 
that emulsion ingredients, particularly oils, emulsifiers, thickening agents, can interact 
with flavour compounds. On the other hand, different emulsion properties, including 
droplet size, viscosity, pH values, etc., can influence flavour partition and diffusion 
(mass transfer) in the emulsions. When emulsions are eaten in the mouth, flavour 
release is thought to be more complicated. Therefore, it is essential to understand the 
interactions between emulsion ingredients and flavour compounds, the relationship 
between emulsion structure and flavour release, and the effects of environmental 
conditions (triggers), for a better design of effective flavour delivery systems. The 
current review introduces the fundamentals of food emulsions as delivery systems, 
and summarizes the knowledge accumulated in recent years on flavour release from 
emulsions. 
Keywords: emulsion; flavour release; delivery system; structure design; controlled 
release 
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1. Introduction 
There is growing interest in functional foods with low fat, low sugar, low salt, or 
bioactives-enriched, to develop healthy diets for human wellbeing. In the meantime, 
consumers ask for food with desirable organoleptic properties, particularly flavour 
profile. It is a big challenge for academic and industrial researchers to design healthy 
food products without sacrificing food flavour, as flavour release is not only 
influenced by food ingredients but also food structures (Druaux, Voilley, 1997). 
Either faster release or slower release than normal release may result in unfavourable 
flavour profile. Therefore, researchers have been working on designing delivery 
systems for flavour compounds to better control their release when incorporated in 
foods, and subjected to different environmental stresses. 
Food emulsions have long been used as delivery systems for functional food 
ingredients (bioactive lipids, anti-oxidants, flavour, etc.), and different types of 
emulsions facilitate their involvement in complex food systems (Velikow, Pelan, 2008; 
McClements, 2010). Many studies have shown that emulsions are good delivery 
systems for functional food ingredients to protect them from degradation, to disperse 
them in aqueous media, to control their release and finally to improve their 
bioavailability (McClements, 2010). An important characteristic of an emulsion is that 
the structures in water phase, oil phase and interface can be designed to meet special 
requirements, and the release of the compounds incorporated can then be modified 
(McClements, Li, 2010). Researchers have attempted to modulate flavour release by 
changing the structures of the emulsion matrix surrounding flavours, and try to better 
understand the relationship between emulsion structures and flavour release (Druaux, 
Voilley, 1997; Malone, Appelqvist, 2003; Benjamin, Silcock, Leus, Everett, 2012). 
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The main objective of this literature review is to summarize recent advances in studies 
concerning emulsions as delivery system for flavour compounds.  
2. Fundamental of Food Emulsions 
An emulsion consists of two immiscible phases, one of which is dispersed in the other 
as small droplets. The one dispersed is called dispersed phase (inner phase), and the 
other phase (outer phase) termed continuous phase (McClements, 2005). Although a 
gas phase can be part of an emulsion (e.g., whipped topping), most food emulsions are 
of liquid/liquid types. Basically, there are two types of emulsions: oil-in-water (O/W) 
emulsions and water-in-oil (W/O) emulsions. In an O/W emulsion, oil droplets are 
dispersed in the continuous water phase. Typical food O/W emulsions include milk, 
mayonnaise, orange juice, etc. W/O emulsions are dispersions of water droplets in the 
oil phase, and butter and fat spreads are two well-known W/O emulsions. In some 
food emulsions, the dispersed phase itself is a dispersion, which means that the 
dispersed droplets contain even smaller droplets. These emulsions are called multiple 
emulsions (or double emulsions), and they can be divided into water-in-oil-in-water 
(W/O/W) and oil-in-water-in-oil (O/W/O) emulsions (Garti, Bisperink, 1998). Food 
emulsions are complex systems, and other ingredients are possible to be present in 
either of the two immiscible phases. For example, polysaccharides, salts, and acids 
can be incorporated in the water phase, and vitamins, carotenoids, and many volatile 
flavour compounds can be dissolved in the oil phase. In order to maintain reasonable 
stability of food emulsions (discussed later), amphiphilic ingredients, such as proteins, 
phospholipids, fatty acid esters (i.e., small and high molecular weight emulsifiers), 
will be present in the system as well, preferably located at the oil-water interfaces 
(McClements, 2005). 
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2.1 Emulsion Formation and Stability 
In an emulsion, the dispersed phase is present in the form of small droplets. 
Mechanical forces are generally applied to disrupt the bulk phase into droplets, and 
this process is termed homogenization. In the food industry, the most widely used 
homogenizing equipments are high speed blenders, colloidal mills and high pressure 
valve homogenizers (Schultz, Wagner, Urban, Ulrich, 2004). During homogenization, 
a premixed dispersion (coarse emulsion) of oil and water phases is forced to pass the 
narrow slit (between homogenizing valves or a rotor and a stator) of the equipment, 
and experiences collision, cavitation, shearing, friction, and some other mechanical 
forces. In the meantime, amphiphilic ingredients (e.g., emulsifiers) are adsorbed onto 
the droplet surface to lower the interfacial tension and form stabilizing interfacial 
films, which prevent the favourable aggregation of the newly produced droplets and 
finally lead to fine emulsions (Schultz et al., 2004). Emulsions can also be made 
under mild conditions, through membrane emulsification, or micro channel 
emulsification, although these methods are currently limited to lab scale (Charcosset, 
Limayem, Fessi, 2004; Sugiura, Nakajima, Seki, 2002).     
Emulsions are thermodynamically unstable, due to the excessive free energy of 
mixing from the large interfacial area of the aqueous and oil phases (McClements, 
2005). Theoretically, only the phase separated system is “stable”. Emulsions with 
smaller droplets are prone to aggregate, due to the larger interfacial area. However, 
smaller droplets are experiencing stronger Brownian motions, which contradict the 
separation of the two immiscible phases to a certain level. Therefore, emulsions can 
be kinetically stable. The relative stability of an emulsion is the result of the balance 
of repulsion forces and attractive forces between neighbouring droplets. Typical 
repulsion forces include electrostatic repulsion and steric hindrance, while 
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hydrophobic forces, electrostatic attraction, and hydrogen bonding are common 
attractive forces (Claesson, Blomberg, Poptoshev, 2004). The nature of the ingredients 
plays a dominant role in the interactions between droplets, whereas changes in 
environmental stresses, e.g., pH, ionic strength, and temperature, can bring about a 
significant change in the force balance, and thereby affecting emulsion stability.   
Emulsion destabilization processes involve flocculation, coalescence, creaming or 
sedimentation, Ostwald ripening, or phase inversion (Figure 1-1). In most situations, 
two or more types of the instability mechanisms coexist or take place sequentially 
(McClements, 2005). Flocculation and coalescence result in an increase in mean 
droplet size, and normally they will lead to creaming (or sedimentation). However, 
flocculation and coalescence are of two different mechanisms (Ivanov, Danov, 
Kralchevsky, 1999). Flocculation happens when two droplets are associated with each 
other, but without losing their individual identity. In other words, the droplets do not 
merge into one larger droplet and they have separate interfacial films. Therefore, 
flocculated droplets can be redispersed by blending or diluting the system with the 
continuous phase. Flocculation is the result of van de Waals attraction, and the forces 
increase dramatically when the distance between droplets decreases. Depending on 
the types of polymers present in the emulsions, depletion flocculation or bridging 
flocculation can occur (Dickinson, 2010). On the other hand, flocculation can be 
inhibited when there were repulsion forces between droplets, such as electrostatic 
repulsion, or steric hindrance repulsion. In the case of coalescence, two or more 
droplets merge to form a bigger droplet (losing individual interfacial film), and the 
content of each droplet is mixed. Severe coalescence is the beginning of creaming, as 
bigger droplets are more likely to move fast to the top of the system. Coalescence is 
the immediate result of the rupture of interfacial films (Tcholakova, Denkov, Ivanov, 
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Campbell, 2006). Therefore, ways that can strengthen the mechanical properties of the 
interfacial films can inhibit coalescence, e.g., adsorption of polymers at the interface 
(Dickinson, 2011). Flocculation and coalescence are typical destabilization processes 
in temperature-treated emulsions, either on heating or on freeze-thawing (Tcholakova 
et al., 2006; Ghosh, Coupland, 2008). 
Ostwald ripening is widely observed in O/W emulsions where smaller oil droplets 
will diffuse through the water phase and join larger oil droplets. Over time, the 
number of larger droplets increases and phase separation occurs. Ostwald ripening is a 
thermodynamically spontaneous process, and it is due to the fact that larger particles 
are more energetically stable than smaller particles (McClements, 2005). 
 
 
 
 
 
 
 
 
 
 
Figure 1-1. Schematic diagram of the destabilization of emulsions 
Due to the difference in density, the oil phase and aqueous phase of an emulsion are 
inherent to separate after a certain time of storage, behaving as creaming or 
sedimentation (Robins, 2000). Separation is driven by the gravitational force (or 
centrifugal force), and it happens when the gravitational force overwhelms the 
Brownian motions. The Stokes law predicts the separation rate of the droplets: 
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Where V0 is the separation rate (creaming or sedimentation), R is the radius of 
droplets，Δρ is density difference between the oil and water phases，g is the 
acceleration force due to gravity or centrifuge and η is the system viscosity (Hunter, 
1986). From equation (1) it can be shown that an increase in viscosity or reduction in 
droplet size can reduce the separation rate, and it can be achieved by addition of 
thickening agents or increasing the input of mechanical force (homogenization 
process). The density difference can also be reduced by adding some weighting agents 
to the oil phase to match the density of the water phase (Chanamai, McClements, 
2000). It should be noted that when droplet size is reduced to < 0.1 μm, the Stokes 
law may not apply, as the Brownian motions can well retard phase separation. When 
the droplet size is < 10 nm, the separation could be completely inhibited, which is 
actually the case of a microemulsion (thermodynamically stable) (Russel, 1981). 
Phase inversion is defined as the change of emulsion type from an O/W emulsion to a 
W/O emulsion, and vice versa. Phase inversion mostly happens when the nature of an 
emulsifier changes. For example, in a polyoxyethylene type non-ionic surfactant (e.g., 
tween 20, 80) stabilized O/W emulsion, an increase in temperature can make the 
emulsifier more hydrophobic, and the oil phase could become the continuous phase, 
thus forming a W/O emulsion (Scherman, Parkinson, 1978).   
To obtain food emulsions with desirable appearance and functionality, great efforts 
have been made to make emulsions with longer kinetic stability, free of or delayed 
destabilization phenomenon. In the food industry, stabilizers, e.g., emulsifiers, texture 
modifiers, weighting agents, and cryoprotectants are usually involved in the 
formulation to obtain good physical stability. 
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Emulsifier: an emulsifier is an amphiphilic molecule, which consists of both 
hydrophilic heads and hydrophobic tails. The emulsifier positions itself at the 
oil/water (or air/water) interface to reduce interfacial tension, and facilitates droplet 
disruption during homogenization. The emulsifier at the interface creates a stabilizing 
film to prevent droplet aggregation. Typical emulsifiers include small molecular 
weight surfactants, e.g., tween, span, monoglycerides, and surface active biopolymers 
(e.g., proteins, gum Arabic). 
Texture modifier: texture modifiers are usually added to modify the rheological 
properties of an emulsion, either through increasing the viscosity of the continuous 
phase or by forming a gel network structure in the emulsion. The presence of texture 
modifiers can help to improve emulsion stability by slowing or preventing droplet 
movement. Pectin, carrageenan, gelatine, xanthan, and carboxymethyl cellulose 
(CMC), are common texture modifiers used in the food industry.  
Weighting agent: weighting agents are mostly oil-soluble with higher density, and 
they are added into the oil phase to match its density to the surrounding water phase. 
Sucrose acetate isobutyrate (SAIB), brominated vegetable oil (BVO), and ester gum 
(EG) are the three most widely used weighting agents (Chanamai, McClements, 
2000). 
Cryoprotectants: cryoprotectants are specially added when freeze-thawing stability is 
required for food emulsions. They can decrease the freezing temperature of water, and 
increase the amount of unfrozen water available to disperse oil droplets and 
emulsifiers (Thanasukarn, Pongsawatmanit, McClements, 2004). In the food industry, 
sugars/polyols, e.g., maltose, sucrose, sorbitol, are widely added (used either alone or 
combined) as commonly used cryoprotectants. 
2.2 Characteristics of Emulsion Droplets 
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Physical properties (e.g., color, stability, fluidness, texture, rheology) of an emulsion 
are largely dependent on droplet characteristics, and emulsion structuring for specific 
functionalities is generally achieved by modifying the droplet characteristics.  
Droplet Shape. Although a single droplet dispersed in a well diluted emulsion would 
be spherical, there might be some degree of droplet flocculation in food emulsions, 
and droplets tend to be more irregular in shape (Hemmingsen, Auflem, Sæther, 
Westvik, 2006). When emulsions are subjected to external forces, like compression, 
shearing, droplet deformation is likely to take place. Microstructural observations 
have showed that oil droplets in emulsions could be rod-like, spindle-shaped, 
elliptical, elongated, etc. Therefore, the reported “diameter” is not the real diameter of 
a sphere, but interpreted differently, for example, volume-equivalent diameter or 
surface area-equivalent diameter (McClements, 2005).   
Droplet Concentration. The droplet concentration of an emulsion is usually 
interpreted as dispersed phase volume fraction, which is equal to the volume of all the 
droplets divided by the volume of the emulsion system. In some cases, it is also 
expressed as dispersed phase mass fraction (McClements, 2005). Therefore, droplet 
concentration of an O/W emulsion is directly connected to the concentration of oil 
added during emulsion preparation. However, due to creaming or insufficient 
homogenization (mixing), the exact dispersed phase volume fraction can be lower 
than the original oil phase fraction. Many scientists are currently working on highly 
concentrated emulsions (known as high internal phase ratio emulsions), for their 
promising applications in delivering nutrients/drugs, behaving as reaction media, 
producing concentrated foods, etc. (Calderó, Patti, Llinàs, García-Celma, 2012). Due 
to the large dispersed phase fraction, oil droplets are closely packed with a thin film 
separating the neighbouring droplets, and the emulsions present foam-like 
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microscopic appearance but with viscoelastic properties. In the concentrated 
emulsions, the droplets are polydispersed and/or deformed adopting polyhedral shapes 
(Calderó et al., 2012).  
Particle Size Distribution. Particle size distribution of an O/W emulsion is a list of 
values that defines the relative fraction, typically by mass, number, volume, intensity 
(of scattered light) of particles present according to size. It is favourable to report the 
original distribution graph, and sometimes only the central tendency (e.g., mean 
diameter) and the width of the distribution (e.g., polydispersity index) are reported. 
Particle size distribution determines a big majority of emulsion properties, both 
physical properties (e.g., color, turbidity, texture) and chemical properties (e.g., 
oxidative stability, enzymatic reactivity). Moreover, the evolution of particle size 
distribution over time is a sign of emulsion stability. It should be born in mind that 
different measurement techniques apply different theories (laser diffraction, dynamic 
light scattering, dynamic image analysis, etc.) and therefore will not necessarily give 
exactly the same result for the particle diameter of an emulsion. Results reported by 
number, volume and intensity are based on different equivalent sphere models, and no 
direct conversion is possible as it requires certain assumptions about the forms of the 
particles and their physical properties.    
Droplet Charge. Droplet charge originates from the ionized emulsifiers adsorbed at 
the interface. The charge affects the interactions between neighbouring droplets and 
between adsorbed emulsifiers and other biopolymers in the bulk phase. Therefore, 
droplet charge plays an important role in emulsion stability. When the magnitude of 
the droplet charge is sufficient high, droplet association can be inhibited as a result of 
electrostatic repulsion. On the other hand, some biopolymers, which are not surface 
active, could be attracted by the charged surface, and contribute to form a thicker 
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stabilizing film (Dickinson, 2011). Droplet charge can be modified by changing pH or 
ionic strength of the emulsion. For example, protein-type emulsifiers have isoelectric 
points (pI), and a protein carries negative charge at pH above its pI, positive charge at 
pH below its pI, and no charge at pI. In terms of ionic strength, it mainly functions 
through a mechanism called “electrostatic screening” effect. Counter-ions from salts 
can accumulate around the droplet surface, which weaken the effective surface charge, 
resulting in decreased electrostatic forces. Moreover, higher salt concentration could 
trigger protein denaturation, and thereby modify the electrical properties of the protein 
and the subsequent droplet charge (McClements, 2005). It is worth pointing out that 
emulsions stabilized by non-ionic surfactants could present surface charge of low 
magnitude, which is thought to be from the adsorbed OH- species from water by the 
interface (Mun, Decker, McClements, 2006; McClements, 2005). The electrical 
charge on a droplet can be expressed as surface charge density, electrical surface 
potential, and zeta-potential (ζ). Currently, most commercial equipment adopts 
zeta-potential to characterize droplet charge. 
Droplet Surface (Oil-Water Interface). An oil-water interface is normally regarded as 
the thin film separating the dispersed oil phase and the continuous water phase, which 
only accounts for a very small volume but is responsible for most of the emulsion 
properties, particularly emulsion stability. The main components at the interface are 
emulsifiers, which determine the structure (thickness, permeability, porosity, etc.) of 
the interface, and their interactions with other emulsion ingredients. To reduce the 
interfacial tension to a maximum level, emulsifiers tend to have their hydrophilic 
groups protruding into the aqueous phase, and their lipophilic groups protruding into 
the oil phase. Therefore, most emulsifiers will not retain their original structures at the 
interface, but undergo structural rearrangement after adsorption onto the interface 
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(Dalgleish, 2004). For protein type emulsifiers, this structural rearrangement is termed 
conformational change and different proteins may exhibit different rates to undergo 
this change. With a smaller molecular mass, surfactants can be adsorbed and finish the 
structural change in very short time than proteins, and are able to reduce the surface 
tension to a higher extent. Moreover, small molecular weight surfactants are able to 
displace the pre-adsorbed protein from the interface, and significantly alter the 
structural compositions of the interface (Krog, Sparsø, 2004). However, surfactants 
formed droplet surfaces are of more simple structure and weaker mechanical 
properties, and they can only provide limited steric repulsion force against droplet 
aggregation. In the case of protein type emulsifiers, they tend to form a thicker 
interface because of their larger molecular weight. Moreover, they are able to attract 
other biopolymers, such as polysaccharides, through electrostatic interactions, 
hydrogen bonding, covalent attachment, etc., and thus to form more complicated 
interfacial structures with stronger mechanical properties (Krog, Sparsø, 2004). 
Therefore, the interfacial structure of an emulsion can be controlled by appropriate 
selection of specific emulsifiers, or a combination of emulsifiers and other 
biopolymers, to offer emulsions with favourable functional performances.  
Physical State of the Droplets. Depending on the nature and compositions of the oil 
phase, and thermal history, oil droplets of an O/W emulsion can be liquid, solid, or 
semisolid (McClements, 2005). The physical state of the droplets largely affects the 
emulsion properties. For example, when oil droplets are crystallized, severe droplet 
aggregation is usually observed, and fast phase separation occurs sequentially. This is 
because oil crystals can pierce into the interface of a neighbouring droplet, and break 
up the structure of the stabilizing film, leading to fusion of oil droplets on thawing 
(Ghosh, Coupland, 2008). The destabilization can be inhibited when a thicker 
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interfacial film is covering the droplets (Thanasukarn, Pongsawatmanit, McClements, 
2006). Oil crystallization will also lead to increased viscosity of the emulsion system, 
as the crystals form a network which immobilizes the oil particles (Thanasukarn et al., 
2006). It should be noted that oil droplets in an emulsion can crystallize through a 
“homogeneous crystallization” mechanism, which is different from “heterogeneous 
crystallization” occurring in the bulk oil phase. As a result, oil crystallization in an 
O/W emulsion needs a much lower temperature (supercooling) and a longer time 
(Kloek, Walstra, van Vliet, 2000). Furthermore, lipid crystals formed in the droplets 
may have different structures than those formed in the bulk oil phase, and the 
structure can be modified by changing the compositions of the emulsion, particular 
the ingredients inside the oil droplets and at the interface. 
2.3 Emulsions as Delivery Systems 
Incorporation of functional ingredients, e.g., vitamins, poly unsaturated fatty acids, 
carotenoids, flavour compounds into food systems provide a simple way to develop 
novel functional foods with desirable health benefits and organoleptic properties. 
However, a large number of functional ingredients are water-insoluble, and sensitive 
to heat, light, oxygen, etc., which limit their wider applications in the food industry. 
O/W emulsions can behave as carriers for these functional ingredients, as they can be 
incorporated into the oil droplets and get isolated from the external environment by 
the interface and water phase, thereby improving their physicochemical stability, 
water-dispersing capacity, processability, palatability and bioavailability. A number of 
studies on various functional ingredients have shown evidences that emulsions can be 
indeed potential delivery systems for the designing of novel functional food (Table 
1-1) (McClements, 2010; Velikow, Pelan, 2008).  
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Table 1-1. Examples of some functional ingredients that can be delivered by emulsion systems. 
 
Group Name of functional ingredients Potential health benefits 
Examples of emulsion-based 
delivery systems 
Fatty acids 
poly unsaturated fatty 
acids (fish oil, DHA, 
EPA, etc.) 
reduce the risk of 
cardiovascular diseases, 
cancer, stroke, hypertension, 
etc.; improve mental health, 
visual acuity, bone health. 
Day, Xu, Hoobin, Burgar, Augustin, 
2007; Kumar Dey, Ghosh, Koley, 
Dhar, 2012 
 conjugated linoleic acid 
Carotenoids β-carotene 
anti-oxidant; improve skin 
health, visual health; provide 
vitamin A 
Mao et al., 2009; Frede, Henze, 
Khalikl,  Baldermann, Schweigert, 
2014; Boon et al., 2008 
lycopene 
lutein 
zeaxanthin 
Vitamins vitamin A anti-oxidant; improve visual 
health, bone health, skin 
health, immunity, anti-aging; 
prevent cancer 
Saberi, Fang, McClements, 2013; 
Tippetts, Martini, Brothersen, 
McDahon, 2012 
vitamin D 
vitamin E (tocopherol) 
Anti-oxidants flavonoids 
anti-oxidant; reduce 
cholesterol level; reduce the 
risk of cardiovascular 
diseases, diabetes, 
hypertension 
Akhtar, Li, McClements, Xiao, 
2014; Wang, Wang, Huang, 2009 
 
 
 
Rabe et al., 2003a 
polyphenols 
Flavours aromas                         
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2.4 Novel Structured Emulsions 
As stated earlier, conventional emulsions are prone to flocculation, coalescence, 
creaming, etc. Furthermore, most of the emulsions can only provide limited protection 
for functional ingredients, and it is rather difficult to achieve controlled or targeted 
release due to their simple structure and formulation (McClements, 2012). Therefore, 
a great deal of novel emulsions have been developed to create desired structures in the 
oil phase, water phase and interface, to improve emulsion stability and enhance the 
delivery properties  (Table 1-2 & Figure 1-2).
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Table 1-2. Different types of structured emulsions and their potential applications 
 
Structuring 
type Structured emulsions Potential advantages Potential limitations Examples of deliverable nutrients 
Oil phase 
structuring 
Double Emulsion 
(W/O/W) 
contain both oil domain 
and aqueous domain; to 
produce fat-reduced food  
difficult to prepare; 
prone to break up 
vitamins (O'Regan, Mulvihill, 2009; 
Carrillo-Navas et al., 2012); probiotics 
(Shima, Morita, Yamashita, Adachi, 
2006); minerals (Márquez, Wagner, 
2010; Choi, Decker, McClements, 
2009);carotenoids (Rodríguez-Huezo et 
al., 2004); lactoferrin (Al-Nabulsi, 
2006); phenolic compounds (Hemar et 
al., 2010); amino acids (Owusu, Zhu, 
Dickinson, 1992); flavours (Cho, Park, 
2003) 
Solid Lipid Particle 
temperature-controlled 
structure; low surfactant 
concentration; lower 
mobility of encapsulated 
ingredients 
prepared at high 
temperature; contain 
highly saturated fat 
fish oil (Holser, 2012); carotenoids (Yi, 
Lam, Yokoyama, Cheng, Zhong, 2014); 
vitamins (Jenning, Gysler, 
Schäfer-Korging, Gohla, 2000); 
flavours (Eltayeb, Nakhshi, Stride, 
Edirisinghe, 2013) 
Interface 
structuring Multilayer Emulsion 
interface with two or more 
layers; controlled 
interfacial structure as 
response to pH, ionic 
strength; higher stability 
against environmental 
stresses  
difficult to prepare; 
more expensive 
carotenoids (Hou, Gao, Yuan, Liu, Li, 
Xu, 2011); fish oil (Shaw, McClements, 
Decker, 2007); vitamins (Zhou, Roos, 
2013); seed oil (Fioramonti et al., 2014) 
flavours (Benjamin et al., 2012) 
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Pickering Emulsion 
solid particle stabilized 
interface; surfactant free; 
high physical stability 
limited food grade 
particles; difficult to 
prepare 
polyphenols (Wang, Chaudhari, Pan, 
Young, Nitin, 2014); salts (Nadin, 
Rousseau, Ghosh, 2014; Frasch-Melnik, 
Norton, Spyropoulos, 2010); vitamins 
(Ghouchi Eskandar, Simovic, Prestidge, 
2009) 
Water phase 
structuring 
Filled Hydrogel 
Particle/Gelled 
Emulsion 
oil droplets embedded in 
polymer gel network; 
tailor-made structure of the 
particle 
difficult to prepare; 
more expensive; 
droplet aggregation 
inside the droplets 
vitamins (Liang et al., 2010); flavours 
(Malone, Appelqvist, 2003) 
Others 
Microemulsion 
thermodynamically stable; 
nano-sized particle; low 
energy cost 
high concentration of 
emulsifiers; limited 
food grade emulsifiers 
and oils 
carotenoids (Garti, Yaghmur, Aserin, 
Spernath, Elfakess, Ezrahi, 2004); 
phytosterols (Spemath et al., 2003); 
vitamins (Chiu, Yang, 1992); flavours 
(Chung, Tan, Tuhill, Scharpf, 1994) 
Nanoemulsion 
nano-sized particles; large 
surface area; transparent; 
high physical stability 
limited food grade 
emulsifiers; high 
concentration of 
emulsifiers; energy 
consuming 
carotenoids (Qian, Decker, Xiao, 
McClements, 2012); fish oil (Kumar 
Dey, Ghosh, Ghosh, Koley, Dhar, 2012); 
vitamins (Saberi, Fang, McClements, 
2013); flavours (Rao, McClements, 
2011b); polyphenols (Ahmed, Li, 
McClements, Xiao, 2012) 
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adsorption is inhibited by electrostatic repulsion force when saturated adsorption is 
achieved. On the other hand, the charge balance at the interface allows further 
adsorption of other polyelectrolytes, and the adsorption process can be repeated many 
times. 
As the adsorption process is mainly driven by electrostatic forces, the pH of the 
emulsion plays a crucial role in the formation and properties of the multilayer. For 
many biopolymers, particularly proteins, the pH of the solution determines the 
ionization of surface groups and therefore the sign and magnitude of the surface 
charge. There is usually a critical pH where the adsorption is first observed, and the 
pH also affects the adsorption saturation (Gu, Decker, McClements, 2004). For this 
reason, pH adjustment can be effectively used to design emulsions of different 
interfacial properties, e.g., layer thickness (single layer or multilayer), compactness, 
charge density, etc. Ionic strength also shows a large effect on electrostatic 
interactions and hence the formation and structure of the multilayer interface. It 
mainly works through an “electrostatic screening” mechanism (McClements, 2005). 
In an emulsion with higher ionic strength, many counter-ions accumulated around the 
droplet surface, and the magnitude and range of electrostatic interactions between a 
polyelectrolyte and a droplet decrease. The screening effect gets stronger as the 
concentration and valence of the counter-ions increase. Moreover, both pH and ionic 
strength would affect the structure conformation of many proteins, which are usually 
chosen to form multilayer emulsions. Other factors influencing the characteristics of a 
multi-layered interface include droplet properties (e.g., size, density), solvent quality 
(e.g., dielectric constant), nature of emulsifiers and the adsorbing biopolymers (Guzey, 
McClements, 2006).  
Emulsions containing oil droplets surrounded by multilayered interfaces have been 
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reported to have better stability against pH change, heating, freeze-thawing, high ionic 
strength, etc. (Guzey, McClements, 2006), and they can be used to protect and control 
the release of functional compounds (Djordjevic et al., 2007). Hou et al. (2011) used 
soybean polysaccharides-chitosan multilayer emulsions to protect β-carotene from 
degradation, and they found that adsorption of a chitosan layer onto the pre-adsorbed 
protein layer could significantly reduce the loss of β-carotene during storage at 
different temperatures. Guzey and McClements (2006) investigated lipid oxidation in 
a single layer emulsion (SDS), a double layer emulsion (SDS-chitosan) and a triple 
layer emulsion (SDS-chitosan-pectin), and they reported that concentration of TBARS 
(oxidation product) from the double layer emulsion and triple layer emulsion was 
about half of that from the single layer emulsion after eight days of storage. When 
multilayer emulsions were digested, the thicker multilayer could retard the release of 
fatty acid from emulsions, and reduce the rate and extent of lipid digestion 
(McClements, Li, 2010). 
Multiple Emulsion. In a multiple emulsion, the droplets of the dispersed phase contain 
even smaller dispersed droplets (Figure 1-2), such as water-in-oil-in-water (W/O/W) 
emulsion and oil-in-water-in-oil (O/W/O) emulsion. A multiple emulsion has different 
layers deposited on both oil-water interface and water-oil interface. Due to the 
presence of two thermodynamically-unstable interfaces, double emulsions are mostly 
more difficult to prepare and control than conventional emulsions (Garti, 1998). 
Multiple emulsions are normally prepared using a two-step homogenization method: 
the inner W/O (or O/W) emulsion is firstly produced, which is then dispersed into the 
outer dispersed water (or oil) phase. The second step of homogenization is usually 
conducted in a mild condition, so as to prevent disruption of the inner emulsion 
droplets. One-step processes have been developed to simplify the production of 
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multiple emulsions, and both lipophilic and hydrophilic emulsifiers are originally 
mixed in either aqueous or oil phase before adding into the other phase. However, 
one-step processes generally require strict selection of emulsifiers, and droplet 
coalescence is commonly observed (Ficheux, Bonakdar, Leal-Calderon, Bibette, 1998; 
Pradhan, Rousseau, 2012). 
A multiple emulsion contains two water (or oil) domains, which prolong the diffusion 
length of compounds incorporated in the inner dispersed phase, leading to reduced 
release rate and higher encapsulation efficiency. Moreover, it becomes possible to 
control the release of both hydrophilic and lipophilic ingredients in a single system. 
Particularly, hydrophilic compounds could have significantly improved stability when 
incorporated in the inner aqueous phase of a W/O/W emulsion. O’Regan and 
Mulvihill (2009) used double emulsions to encapsulate vitamin B12, and they found 
improved vitamin B12 encapsulation efficiency on emulsion formation and improved 
encapsulation stability following storage of the emulsions, in comparison to a 
conventional emulsion. A recent application of W/O/W emulsions for probiotics 
showed that the emulsion structures helped to protect probiotics against gastric juice 
and bile acid (Shima, Morita, Yamashita, Adachi, 2006). W/O/W emulsions can be 
used in fat-reduced systems, for example, substituting milk fat in dairy products while 
keeping their viscoelastic properties, as the oil phase can be partially displaced by the 
inner water phase (Lobato-Calleros, Rodriguez, Sandoval-Castilla, Vernon-Carter, 
Alvarez-Ramirez, 2006). 
Gelled Emulsion. In gelled emulsions, oil droplets are trapped within gel particles 
(Figure 1-2), which can play the role as barrier to slow mass transfer and diffusion of 
the compounds incorporated. Furthermore, the gel particles can break down under 
certain environment stress, which will facilitate controlled release of nutrients 
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incorporated inside the oil droplets. The preparation of gelled emulsions can be 
divided into two stages: first, a conventional O/W emulsion containing functional 
ingredients is produced by homogenization; second, the emulsion is mixed with a 
biopolymer solution, which gels by adjusting pH, salt concentration, temperature, 
adding enzymes or applying mechanical forces. Typically, the gelled emulsions can be 
divided into two categories: 1) oil droplets are not interacting with gel network, for 
example, emulsions containing calcium-alginate, pectin, gelatin, starch (Malone, 
Appelqvist, 2003); 2) oil droplets are behaving as active fillers, which means that the 
droplets are involved in the development of gel network, for example, 
protein-stabilized emulsions with a protein gel network developed in the water phase.  
In the food industry, gelled emulsions have been applied to incorporate ω-3 fatty acids, 
fish oil and flavour oil (Lamprecht, Schafer, Lehr, 2001; Kim, Decker, McClements, 
2006; Weinbreck, Minor, de Kruif, 2004). Within the strong gel network, the 
incorporated ingredients are isolated from the external environment, such as light, 
oxygen, enzyme, and therefore have improved chemical stability. On the other hand, it 
is possible to get tailor-made gel structures with desired dimensions, hardness, 
permeability, which can facilitate controlled release of the functional ingredients. As 
the gel structure can be designed to have different responsiveness to environmental 
stresses (pH, salt, temperature, enzyme, etc.), targeted release is achievable. Malone 
and Appelqvist (2003) designed biopolymer gelled particles with encapsulated oil 
particles containing flavours, and they found that the initial maximal flavour release 
was reduced. When the gel was broken down in a controlled manner by physiological 
triggers, including mechanical force, melting, and enzyme treatment, different release 
kinetic profiles were observed.   
Pickering Emulsion. Pickering emulsions are defined as emulsions, either O/W or 
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W/O type, stabilized by solid particles (Aveyard, Binks, Clint, 2003). Generally, they 
have similar physicochemical properties as conventional emulsions, and they can be 
used to substitute conventional emulsions in most cases, particularly in the case where 
a “surfactant-free” system is essential. Solid particles used to form Pickering 
emulsions are not necessarily amphiphilic. Partial wetting of the particles by the water 
and oil phase allows strong anchoring of the particles at the oil-water interface 
(Chevalier, Bolzinger, 2013). The interface of a Pickering emulsion is mechanically 
stronger, and the adsorbed particls can provide steric repulsion to inhibit droplet 
coalescence. In order to achieve effective Pickering stabilization, solid particles are 
preferable to be smaller, at least an order of magnitude smaller than the emulsion 
droplet size (Dickinson, 2012). Different types of silica are widely used to produce 
Pickering emulsions. In the food industry, cellulose nanocrystals (Kalashnikov, Bizot, 
Cathala, Capron, 2011), chitin nanocrystals (Tzoumaki, Moschakis, Kiosseoglou, 
Biliaderis, 2011), starch particles (Yusoff, Murray, 2011), and flavonoid particles (Luo 
et al., 2011) have been proved to be suitable Pickering stabilizers. In practice, solid 
particles are usually used in combination with small molecular weight surfactants, to 
quicker reduce interfacial tension during homogenization and get better adsorption of 
the solid particles at the interface (Dickinson, 2012).  
With good physical stability, Pickering emulsions as delivery systems for 
nutraceuticals have been gaining much attention. Wang, Chaudhari, Pan, Young, Nitin 
(2014) made O/W emulsions stabilized by starch particles, and they presented better 
protection for curcumin against oxidation than conventional surfactant stabilized 
emulsions. When subjected to amylase treatment, the emulsion was destabilized and 
curcumin was released. Frasch-Melnik, Norton, Spyropoulos (2010) used a fat-crystal 
stabilized W/O emulsion to control salt release. The results in this study indicated that 
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less than 5% of total salt was released from the Pickering emulsion after one-month 
storage, whereas more than 40% of the salt was released from a surfactant stabilized 
emulsion. It was suggested that the release of the ingredients incorporated was highly 
related to the structure of the stabilizing particle interface, and controlled release of 
the ingredients can be achieved by tailoring the structure of the adsorbed solid 
particles and applying suitable triggers. 
Solid Lipid Particle. Some emulsions contain fully or partly solidified lipid phase, and 
oil particles are call solid lipid particles. These emulsions are similar in characteristics 
to conventional emulsions containing liquid oil particles. To produce solid lipid 
particles, conventional emulsions are first made, followed by cooling to induce lipid 
crystallization. Differently from oil particles in gelled emulsions, solid lipid particles 
are dispersed in a liquid aqueous phase and particles have crystalline structure inside 
(McClements, 2010). To obtain emulsions with different physical and functional 
properties, the morphology and packing of the lipid crystals can be controlled by 
adjusting thermal history. Similar to gelled emulsions, the solid lipid particles create 
physical barriers against the mass transfer of the ingredients incorporated, and provide 
shelters to prevent the attack from external environment. Moreover, the solid lipid 
particles are more difficult to be digested by lipase than liquid oil droplets, which 
implies that they can be used to develop low-calorie foods (McClements, Li, 2010). A 
big advantage of the solid particles is that the particles can melt at a preferred 
temperature, and controlled release of the incorporated ingredients is then obtained. 
Nanoemulsion & Microemulsion. A nanoemulsion has much in common as a 
conventional emulsion in the preparation methods, properties, ingredients, etc. 
Uniquely, a nanoemulsion has droplet size in the nano-meter range (20-100 nm) 
(McClements, 2010). As a result, nanoemulsions tend to be transparent in appearance 
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because the light scattered from the oil droplets is relatively weak. Nanoemulsions are 
also thermodynamically unstable, and they become turbid when extensive droplet 
aggregation takes place. Nevertheless, nanoemulsions usually have good stability 
against droplet aggregation and phase separation. This is because in a system with 
nanometer-sized particles, the attractive forces between droplets are weak and 
Brownian motion is quite strong. When used as delivery systems, nanoemulsions are 
particularly useful when fast release is favourable, as the nutrients encapsulated are 
likely to diffuse out of the smaller droplets in shorter time.  
Microemulsions also have nano-sized droplets, and they are thermodynamically stable. 
Differently from the emulsions discussed above, microemulsions are formed 
spontaneously and no external force is normally required. During the preparation of 
an O/W microemulsion, high content of emulsifiers (usually with co-surfactants) are 
dispersed in the water phase, and the emulsifier molecules self-assemble into micelles 
with large interfacial film covering lipophilic domains (Garti et al., 2003). Compared 
with other emulsions, microemulsions have much larger surface area to volume ratios, 
and can therefore solubilize higher amount of functional ingredients in their inner 
phase and at the interface. 
Currently, applications of nanoemulsions and microemulsions as delivery systems in 
the food industry are quite limited, mainly because that there are limited types of food 
grade emulsifiers (and co-surfactants) and oils suitable to produce these types of 
emulsions (Rao, McClements, 2011a). Second, the preparation of nanoemulsions and 
microemulsions generally requires large amount of emulsifiers, which may exceed the 
maximum concentration allowed. Third, current techniques cannot guarantee 
sufficient encapsulation of nutrients in the nano-sized droplets, while maintaining the 
physicochemical properties of the nanoemulsions or the microemulsions (Coupland, 
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Weiss, Lovy, McClements, 1996). 
3. Flavour Release from Emulsion Systems  
Food flavour is an important part of quality food, which largely influences consumers’ 
food preference. Numerous studies have been performed in an attempt to understand 
the mechanism of flavour release from food in order to develop food with desired 
sensory properties. In the current food market, foods with less fat, less sugar, less salt, 
and more nutrients are becoming increasingly popular due to their health benefits. 
However, it has been a big challenge for food scientists to design these favourable 
foods, without sacrificing their sensorial properties.  
A major group of foods exist as emulsions, and emulsions have the potential to act as 
delivery systems for flavours to better control their release in novel foods. Therefore, 
it is of great importance to understand the release behaviours of flavours in emulsions. 
Flavour release from an emulsion includes the partitioning and mass transfer of 
flavour molecules among oil phase, interface, water phase, and finally headspace. 
Change in headspace concentration and release rate could affect the overall flavour 
perception. Successful development of delivery systems with controlled flavour 
release depends on a good understanding of the effects of emulsion properties (e.g., 
droplet size, viscosity) and environmental stresses (e.g., pH, temperature, ionic 
strength) on flavour release, as well as the interactions between flavour compounds 
and other emulsion components. As most flavour is released in the oral cavity during 
eating, knowledge of the effects of mouth conditions on flavour release is also 
essential. Although flavour is generally understood to be the combination of the 
sensations of taste (from non-volatile compounds) and smell (from volatile 
compounds), in this thesis we consider smell only. 
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3.1 Physical Chemistry of Flavour Release 
Volatile flavours are perceived when they are in contact with receptors in the nose 
(olfactory epithelium) either orthonasally by directly sniffing foods or retronasally by 
delivering of volatiles during mastication and/or swallowing. Before flavour 
perception is realized, flavour compounds have to move out from food matrix, and 
experience immigration in oral cavity (and/or nasal cavity). 
3.1.1 Flavour Release from Emulsions 
Flavour release is mainly controlled by two factors, the volatility of flavour 
compounds (thermodynamic factor) and the resistance to mass transfer from emulsion 
to air phase (kinetic factor) (de Roos, 2000). The thermodynamic factor determines 
the retention or partition of flavours in the matrix at equilibrium, and the kinetic factor 
mainly affects the release rate of flavours from food. Flavour release from an O/W 
emulsion can be simplified into four steps: (1) flavour movement inside oil droplets; 
(2) movement over the oil-water interface; (3) movement within the aqueous phase; (4) 
movement across the air-emulsion interface (Figure 1-3). Theoretically, each step 
affects the release rate and contributes to the headspace concentration. In reality, only 
one or two steps can dominate the release.  
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Figure 1-3. Schematic diagram of flavour release from an O/W emulsion and 
affecting factors. 
 
3.1.2 Partition Equilibrium in Different Phases  
Static headspace analysis is widely applied to evaluate flavour release, and it is based 
on the theory of partition equilibrium. In a closed system, flavour compounds 
dissolved in an emulsion can reach partition equilibrium in different phases, and the 
partition coefficient is dependent on the affinity of flavour compounds for each phase. 
Therefore, for a simple O/W emulsion, the overall distribution of flavour compounds 
between emulsion matrix and its headspace can be expressed as (Buttery, Guadagni, 
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Ling, 1973): 
                                                       (2) 
Where KGE is the partition coefficient of a flavour between air (headspace) and 
emulsion; φD is the mass fraction of dispersed phase; φC is the mass fraction of 
continuous phase (φD + φC = 1); KGC is the partition coefficient between air and 
continuous phase (aqueous emulsifier solution) and KGD is the partition coefficient 
between air and dispersed phase. Several studies showed that this model could give a 
good prediction of headspace-emulsion partition coefficient when the interfacial 
binding was insignificant (Guyot et al., 1996; Ghosh, Peterson, Coupland, 2007). On 
the other hand, the difference in the calculated and experimental KGE values can be 
regarded as proof of interfacial binding (Karaiskou, Blekas, Paraskevopoulou 2008; 
Meynier, Lecoq, Genot, 2005).  
In many emulsions, particularly the ones stabilized by biopolymers, flavour binding to 
interfacial components has been widely observed, and it plays a significant role in 
flavour partition (Guichard, 2002). For reversible binding, a modified model 
describing flavour partition was proposed by McClements (2005): 
                                                 (3) 
Where AS is the interfacial area per unit volume of an emulsion (AS = 6φ/d32, d32 is the 
volume-surface mean diameter); K*IC is the interfacial binding coefficient (K*IC  = 
ΓI/CC, ΓI is the mass of flavour compound per unit of interfacial area; CC is the flavour 
concentration in the continuous phase). From Equation (3), it is observed that KGE is 
droplet size-dependent. When droplet size is large enough, AS will be infinitesimal. 
Then interfacial binding can be neglected, and Equation (3) is equal to Equation (2).  
1 CD
GE GD GCK K K
φφ= +
*1 ICC SD
GE GD GC GC
A K
K K K K
φφ= + +
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For irreversible binding, McClements (2005) proposed a different model: 
                                            (4) 
Where CE is flavour concentration added to the emulsion, and ΓI is the mass of flavour 
compounds irreversibly bound to the interface per unit of interfacial area. It should be 
noted that Equation (3) and Equation (4) do not involve flavour binding in the 
continuous phase or dispersed phase, e.g., flavour solubilisation in emulsifier micelles, 
gum binding. As a result, the predicted values of KGE could be higher than the 
experimental values.  
3.1.3 Flavour Release from Real Food  
The eating processes usually finish in a short time, and flavour release hardly reaches 
equilibrium. Therefore, the perception of volatile flavour mainly depends on the initial 
dynamic release. The theory of dynamic release reveals more information about the 
process of flavour release, as more parameters are considered, which on the other 
hand results in the application of more complex models. The following equation 
proposed by Harrison and Hills (1997) is an example of the models used to predict 
headspace concentration at a given time (t): 
                  (5) 
where Ctf(0) is the initial flavour concentration (mg cm-3) in the emulsion, Kb is the 
flavour binding affinity to biopolymers (including some emulsifiers) (M-1), Cb is the 
biopolymer concentration in the emulsion (M), vg and ve are the headspace and 
emulsion volumes (cm3), and Age is the gas/emulsion surface (cm2). Mass transfer 
coefficient hD (cm s-1) and gas/emulsion partition coefficient Kge can be derived from 
the above equation at the initial release rate (t → 0) and at the equilibrium headspace 
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concentration (t → infinite), respectively. This model follows the penetration theory, 
which was developed to describe flavour release from liquid samples. In this theory, 
flavour transfer through the gas-liquid interface is assumed to be rate-limiting, and is 
driven by molecular diffusion and eddy diffusion. The binding effect is taken into 
consideration in this model, and it has been successfully applied to predict flavour 
release from different liquid systems (Perreault, Britten, Turgeon, Seuvree, Cayot, 
Voilley, 2010; Benjamin et al, 2012). 
Lian, Malone, Homan, Norton (2004) have developed another model which took two 
rate-limiting steps into consideration: one was the flavour transfer from droplets to the 
continuous phase; the other one was the flavour transfer from continuous phase to the 
headspace. Actually, for emulsions with smaller droplet size, where flavour release is 
governed by the mass transfer across the air-emulsion interface, this model is similar 
to the model developed by Harrison and Hill (1997). Nevertheless, for emulsions with 
larger droplet size, the Lian et al.’s model suggested that the transfer across droplet 
interface becomes rate-limiting, as the larger droplets can offer a significant barrier to 
diffusion. In Lian et al.’s study on gelled emulsions, the experimental data of four 
ketones and one ester fitted the model well (Lian et al., 2004).  
3.2 Flavour Release during Eating 
Food in the mouth experience mastication, salivation, bolus formation and finally 
swallowing. Each step can have a big influence on flavour release and flavour 
perception. Liquid foods normally stay in the mouth for several seconds before 
swallowing, so only one or two of the above processes have a significant effect on 
flavour release. When liquids are kept in the mouth, a tight closure formed by the soft 
palate and the base of the tongue prevents flavour transfer from the oral cavity to the 
nasal cavity. There is also no flavour transfer during swallowing, as the airway from 
Chapter one 
 
 
 
37
the trachea to the nose is closed at that stage (Bosman, 1980; Normand, Avison, 
Parker, 2004). As a result, flavour perception is only available after swallowing (Land, 
1996). Studies suggested that the highest perception was achieved in the first 
expiration immediately after swallowing (Linforth, Taylor, 2000). These flavours 
originate from the air phase above liquid food in the mouth before swallowing, which 
are later transported to the throat during swallowing, and finally transferred to the 
nose in the first expiration. This process is called “swallow breath”, which finishes in 
a short time (de Roos, 1994; Land, 1996). There is another process of flavour transfer 
after swallowing with much lower flavour concentration, which contributes to the 
persistence of flavour perception. Specifically, a thin film of liquid food will remain at 
the surface of the pharynx after swallowing, and the flavour in the film can be 
released and transported to the nasal cavity during exhalation. As there is a gradient in 
flavour concentration between the thin film and the exhaled air, this release can last 
for a short period of time (Buettner, Beer, Hanning, Settles, Schieberle, 2002; Weel, 
Boelrijk, Burger, Jacobs, Gruppen, 2004a; Boelrijk, Smit, Weel, 2006). Moreover, the 
little amount of liquid food remains in the mouth (adsorbed to the mucosa) after the 
first swallowing may also contribute to the persistence of flavour perception (Harrison, 
1998; Salles et al., 2011).  
3.3 Emulsion Ingredients and Flavour Release 
3.3.1 Oil Phase 
Most food flavours are lipophilic and oils play an essential role in their release. Oils 
can act as flavour precursors, as solvents for flavour compounds, and as flavour 
release modulators. Change in oil property or oil content, can lead to a significantly 
modified flavour release profile (de Roos, 1997). However, consumers are highly 
cautious about the fat/oil content of food, as overconsumption of fat/oil can increase 
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the risks of many diseases, e.g., obesity, cardiovascular diseases, cancers (Gastaldelli, 
Basta, 2010). Therefore, knowledge about the effects of oil on flavour release 
becomes essential for food scientists to properly design fat-reduced food. 
3.3.1.1 Oil Property 
Flavours in different oils generally have different release behaviours, due to their 
affinity for different oils. The chain length of fatty acids determines the polarity of 
oils, which is one of the main factors affecting the interactions between flavour 
compounds and oils. Most flavour compounds are lipophilic, and they have higher 
affinity for oils containing longer-chain fatty acids (Harvey, Druaux, Voilley, 1995). 
However, there was a study showing that some hydrophobic flavour compounds had 
higher release from the emulsion containing lipids with average carbon number (CN) 
of C14 or C16 than from the emulsion containing C9 lipids (Rabe, Krings, Berger, 
2003a). Another study reported no difference in flavour release when changing the 
lipid type from milk fat (C16 and C18) to MCT (C6 and C8) in emulsions (Roberts, 
Pollien, Watzke, 2003a). It seemed that lipophilicity of different oils was not the only 
factor that influenced the affinity of flavours for the oils, or the affinity had already 
been so high that change in lipophilicity of the oils did not show any effect in the 
mentioned studies. Rabe et al. (2003a) suggested that the molarity of oil (droplet 
concentration) in the system could give additional effect. They made emulsions 
containing the same molarity of C16 and C9, but differed in the mass fraction. The 
authors did not find significant difference in flavour release from the two emulsions. 
Roberts et al. (2003a) proposed that the saturation level of different oils could affect 
flavour partition: with stearine (a more saturated fat), flavour release was shown to be 
slower and of lower intensity than the release from olein (a more unsaturated fat). 
This result was in agreement with those obtained by Welsh and Williams (1989), who 
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found the oil/water partition coefficients of many flavours were lower in olive oil than 
in sunflower oil. However, in the Roudnitzky, Irl, Roudaut, Guichard’s (2003) study, 
the volatility of ethyl hexanoate in vegetable oils differing by their percentages of 
oleic (C18:1), linoleic (C18: 2), and linolenic (C18:3) decreased when the 
unsaturation level increased (Roundnitzky et al., 2002). The above inconsistent 
findings revealed that oils may affect flavour release through different mechanisms, 
depending on oil nature and flavour characteristics. 
Lipids in emulsions can be present at solid (i.e., fat), partial solid or liquid (i.e., oil) 
state, which show different effects on flavour release (Roberts et al., 2003a; Relkin, 
Fabre, Guichard, 2004). The general knowledge is that flavour compounds can only 
partition into liquid oil, and the formation of solid oil could inhibit the migration of 
flavour compounds (Maier, 1975; McNulty, Karel, 1973). In an O/W emulsion, 
flavour compounds had higher headspace concentrations above a solid droplet 
emulsion than those above a liquid droplet emulsion (Relkin et al., 2004; Ghosh, 
Peterson, Coupland, 2006). Nevertheless, the initial sorption rates of flavour 
compounds were much higher for the solid lipid, which was attributed to the 
adsorption of flavour compounds onto the surface of solid lipid particles (Ghosh et al., 
2006). In a milk-based liquid emulsion, Roberts et al. (2003a) found that increase in 
the content of solid palm fat resulted in accelerated flavour release. However, when 
the melted palm fat was tested, there was no difference in flavour release from 
emulsions with different oils (Roberts et al., 2003a). In a more complicated situation, 
flavour compounds were dissolved in liquid oil before oil solidification, and flavour 
release was reported to slow down as oil crystallization went on (increase in fat 
content). This finding could be explained by the fact that flavour molecules were 
trapped within the solid particles, and the movement of flavours across the droplet 
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surface was inhibited (Roberts et al., 2003a).  
3.3.1.2 Oil Content 
The oil content of food has been shown to affect not only the perceived intensity but 
also the temporal profile of flavours, as well as the release behaviour throughout 
storage. Oil reduction or even complete omission of an oil phase in food can lead to a 
drastic shift of the overall flavour profile. Fat-free products therefore often show an 
undesirable transient flavour burst, as the release is not mediated by a fat phase (Rabe 
et al., 2003a).  
It has been well documented that a reduction in oil content will accelerate the release 
of lipophilic flavour compounds, and the headspace concentration of flavours above 
an emulsion with lower oil content is normally higher. In other words, to trigger the 
same flavour release, flavour compounds added to emulsions with lower oil content 
could be at lower level than that added to emulsions with higher oil content (Bayarri, 
Taylor, Hort, 2006). Only a small portion of flavours (volatile) are hydrophilic 
compounds, and they have different release behaviours. Both in vivo and static 
headspace studies showed that the release of hydrophilic flavour compounds was not 
or even positively affected by changing oil content (Rabe et al., 2003a; Giroux, 
Perreault, Britten, 2007; Frank, Appelqvist, Piyasiri, Wooster, Delahunty, 2011). The 
effect of oil content on flavour release is so dominant that sometimes it makes the 
contribution of other ingredients undetectable. Roberts, Pollien (2000) found that the 
evidence of protein or lactose binding to lipophilic compounds was seen as the 
concentration of skim milk increased, but the binding effect was no longer detected 
after the addition of 1.3% lipid. A similar study found that in the presence of ≥ 1% oil 
in an oil (MCT)-water system, the bindings between flavour compounds and 
β-lactoglobulin were insignificant (Seuvre, Espinosa-Díaz, Voilley, 2000).  
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The oil content also plays an important role in flavour perception under oral 
conditions, but the role is not as strong as that under static condition. (Weel et al., 
2004b; Roberts et al., 2003b; Doyen, Carey, Linforth, Marin, Taylor, 2001). As some 
researchers suggested, the perceived flavour is from the “swallow breath” and the thin 
liquid layer formed on the throat surface, and the role of oil as flavour reservoir is not 
as significant as that in the bulk phase situation (Land, 1996; Linforth, Taylor, 2000).   
Finally, a change in oil nature or oil content may influence flavour release indirectly 
by modifying the physicochemical properties of the emulsions concerned, for example, 
droplet size, viscosity, and emulsion stability (discussed in a later part). 
3.3.2 Water Phase 
The water phase generally makes up the majority fraction of an O/W emulsion, and it 
may contain many ingredients, e.g., emulsifiers, thickening agents, salts, minerals. 
Therefore, the water phase also contributes a lot to the overall perception of a food 
emulsion. All the ingredients may interact with flavour compounds, thereby 
modifying their release behaviours. As only a small part of volatile flavour 
compounds are hydrophilic, the water phase does not influence flavour release as 
much as the oil phase.  
3.3.2.1 Emulsifiers 
Emulsifiers play critical roles in the formation of emulsions, and they make 
contributions to most of emulsion properties. When flavour compounds are 
incorporated in emulsions, the emulsifiers can influence flavour release through 
different mechanisms. Among all of food emulsifiers, proteins are the most widely 
used and investigated emulsifiers regarding flavour release. It is generally 
acknowledged that proteins in emulsions can slow flavour release, and the effects are 
dependent on protein types and flavour types. Widder and Fisher (1996) observed that 
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sodium caseinate had the capacity to inhibit the release of esters, and Maier (1970) 
found casein and egg albumin could bind acetone and acetaldehyde. Dubois, Sergent, 
Voilley (1999) reported an increase in retention of diacetyl and diallyl sulphide in a 
model cheese system with higher interfacial concentration of calcium caseinate. Some 
studies revealed that β-lactoglobulin in emulsions can modify the release behaviours 
of aldehydes, ketones and esters (Guichard, 2002). Charles, Lambert, Brondeur, 
Courthaudon, Guichard (2000) indicated that ethyl hexanoate had significantly higher 
release from the emulsion containing α-lactalbumin than from the emulsion 
containing β-lactoglobulin. However, once the proteins were hydrolyzed by enzymes, 
the peptides had reduced capacity to retain flavour compounds (Wong, Elias, Lambert, 
Relkin, Coupland, 2013). 
The reduced flavour release in protein-stabilized emulsions is achieved mainly 
through two different mechanisms. First, proteins are likely to interact with flavour 
compounds, through reversible or irreversible interactions. In most cases, flavour 
compounds interact with proteins through hydrophobic binding or hydrogen bonding, 
both of which are reversible (Lubbers, Landy, Voilley, 1998). Wu, Pérez, Puyol, 
Sawyer (1999) proposed that the most probable binding site for these compounds was 
the hydrophobic pocket (the central calyx) within the protein structure. In the case of 
aldehydes, covalent irreversible binding with proteins was reported (Gremli, 1974; 
O’Keefe, Wilson, Resurreccion, Murphy, 1991), and these compounds are likely to be 
bound at the protein surface (Lübke, Guichard, Le Quéré, 2000). For different milk 
proteins, the binding capacity to 2-nonanone followed the order: bovine serum 
albumin > β-lactoglobulin > α-lactalbumin > αs1-casein > β-casein, and the capacity 
of whey protein isolate (WPI) was stronger than that of sodium caseinate (Kühn, Zhu, 
Considine, Singh, 2007). According to Harrison and Hills (1997), the binding reduced 
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the concentration of free flavours in the aqueous phase and, consequently, the flavours 
released into headspace. Second, proteins adsorbed at the interface can act as barriers 
to slow mass transfer of flavour molecules, leading to reduced release rates (Harvey et 
al., 1995). For example, the presence of β-lactoglobulin at a miglyol–water interface 
strengthened the resistance against the transfer of benzaldehyde across the lipid layer 
(Rogacheva, Espinosa-Diaz, Voilley, 1999). A similar result was found by Guichard 
and Langourieux (2000), who reported that the presence of interfacial β-lactoglobulin 
inhibited the transfer of hydrophobic flavour compounds from the oil droplets to 
water phase. Land (1978) further confirmed this finding, and it was indicated that the 
inclusion of a small amount of emulsifier in a non-emulsified oil-water system had no 
effect on the headspace concentration of dimethylsulfide, whereas in an emulsified 
system the headspace concentration was significantly decreased.  
In terms of some small molecular weight surfactants (e.g., tweens, spans), only 
limited studies have beeen performed concerning their effects on flavour release. 
Although no sufficient proof is available about the interactions between surfactants 
and flavour compounds, there was evidence showing that change in surfactant 
concentration in the emulsion can significantly modify partition coefficients of many 
flavour compounds (van Ruth, de Vries, Geary, Giannouli, 2002). Also, the volatility 
of flavour compounds was reduced in the presence of a surface active compound than 
in water alone (Landy, Courthaudon, Dubois, Voilley, 1996). On the other hand, when 
surfactants formed micelles/reverse micelles in the emulsions, they were able to 
incorporate flavour molecules and modify their release behaviours (Rabe et al., 
2003a).  
3.3.2.2 Thickening Agents 
Thickening agents are normally added to increase emulsion viscosity, so as to get 
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desired emulsion stability and textural properties. Moreover, some thickeners can be 
used as fat replacers to formulate fat-reduced food (Conforti, Charles, Dunkan, 1996). 
The addition of thickening agents can also modify flavour release. This is because the 
thickening agents can create physical barriers inside emulsions against the mass 
transfer of flavour compounds (discussed in a later part). When the thickeners formed 
a gel network, flavours could be trapped inside and the release was inhibited 
(Guichard, Issanchou, Descourvieres, Etievant, 1991). Interactions between 
thickening agents and flavour compounds were also observed, though the contribution 
to flavour retention was rather small (Boland, Buhr, Giannouli, van Ruth, 2004; 
Karaiskou et al., 2008). Pectin could interact with flavour compounds through van der 
Waals attraction forces between the alkyl patch of the flavour molecules and the 
hydrophobic region of pectin (Maier, 1970). Moreover, hydrogen atoms in the 
undissociated carboxyl group of pectin could interact with unshared electron pairs of 
heteroatoms and oxygen atoms of flavour molecules via hydrogen bonding (Braudo, 
Plashchina, Kobak, Golovnya, Zhuravleva, Krikunova, 2000). Hydroxypropyl 
Methylcellulose (HPMC) was known to bind allyl disulfide (Cook, Linforth, Taylor, 
2003), and it could result in lower flavour perception (Ferry, Hort, Mitchell, Cook, 
Lagarrigue, Pamies, 2006). In an emulsified edible film, κ-carrageenan was suggested 
to bind ketone with its –OH group (Marcuzzo, Sensidoni, Debeaufort, Voilley, 2010). 
However, κ-carrageenan in a whole milk system did not affect the headspace 
concentration nor the in vivo release of the flavours (González-Tomás, Bayarri, Taylor, 
Costell, 2007). Additionally, the texture of the food created by a thickening agent can 
also affect flavour release (see sub-section 3.4.2).  
3.3.2.3 Salts 
People have long realized that the addition of salts can enhance flavour perception, 
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and the phenomenon is termed “salting-out”. For hydrophilic flavour compounds, 
“salting-out” results from the reduction in the number of water molecules available to 
solubilise flavour compounds (Nawar, 1971). For lipophilic flavour compounds, 
“salting-out” can lower their concentration in the water phase and drive them further 
to the oil phase and out into the gas phase. Therefore, higher salt concentration in 
emulsions can lead to a greater release of flavour compounds (Poll, Flink, 1984; Rabe 
et al., 2003b; Benjamin et al., 2012; Bortnowska, 2012). A study on the effects of 
different salts in a protein stabilized system indicated that addition of NaCl and KCl 
had stronger salting out effect for methyl-butanal, hexanal, octanal, methional and 
pentanone than the addition of MgCl2 and CaCl2. It was proposed that salts affected 
the bingings between flavour compounds and proteins, and that NaCl and KCl can 
weaken the bindings to a higher level (Pérez-Juan, Flores, Toldrá, 2006). However, 
when flavour compounds were incorporated into oil droplets, “salting out” only gave 
slight influence on their partition.The presence of salts in an emulsion could produce 
electrostatic screening effect, which can modify the structure of the interfacial film, 
and result in modified interactions between flavour compounds and the interface. 
Some emulsions collapse (e.g., phase separation) after a certain period of storage in 
salted systems, and flavour compounds could move more freely from the dispersed 
phase to the continuous phase, leading to intensified flavour release. Salt-triggered 
flavour release is generally concentration-dependent. However, in many cases there is 
a critical concentration point above which a higher salt concentration does not 
produce extra effect (Benjamin et al., 2012).  
3.4 Emulsion Properties and Flavour Release 
3.4.1 Droplet Size 
As discussed previously, droplet characteristics show large effects on the 
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physicochemical properties of an emulsion. Many studies have been carried out to 
understand the effect of droplet size on flavour release, but no consistent conclusion 
has been made. In an O/W emulsion, flavours have to move out from the oil droplets 
to the water phase before transferring to the air phase, and the transferring rate may be 
dependent on droplet size. Smaller droplets have larger interfacial area, and the travel 
path from the droplet centre to the interface is shorter, both of which can induce faster 
mass transfer of flavour molecules. The hypothesis was confirmed by Benjamin et al. 
(2012), who found that the release rates of flavour compounds in an aggregated 
emulsion were lower than those in a finely distributed emulsion. However, the transfer 
of flavour compounds between the dispersed phase and continuous phase is generally 
thought to be very fast, especially when droplet size is reduced to micrometre or 
sub-micrometer range. Therefore, it may be difficult to find any significant difference 
in flavour release from two emulsions with different droplet size but within the same 
size range (Rabe et al., 2003a; Carey, Asquith, Linforth, Taylor, 2002; Miettinen, 
Tuorila, Piironen, Vehkalahti, Hyvönen, 2002).                                                
Other studies argued that smaller droplets with larger interfacial area can absorb more 
emulsifiers, which would result in slowed flavour release (van Ruth et al., 2002). 
Reduced air-liquid partition coefficients in emulsions with smaller droplets were also 
reported (Meynier et al., 2005; van Ruth et al., 2002). Furthermore, emulsions with 
smaller droplets are normally more viscous compared to those with larger ones, which 
may also contribute to lower flavour release (Karaiskou et al., 2008).  
3.4.2 Rheological Behaviour 
There is evidence that flavour perception can be suppressed by increasing the 
viscosity of a solution, though the magnitude of the suppression may vary among 
different flavours (Ferry et al., 2006). The Stokes–Einstein equation reveals that 
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diffusion is negatively proportional to viscosity. So, an increase in viscosity will 
reduce flavour diffusion in different phases. Slowed flavour release was observed in 
emulsion systems containing pectin or gum arabic (Karaiskou et al., 2008; Druaux, 
Voilley, 1997). Baines and Morris (1987) reported that in order to produce a three-fold 
reduction in flavour perception using guar gum, it was required to increase the 
viscosity of the system by at least two-fold. In a gel-like viscous system, flavour 
release could be affected by the gel network created by gelling agents. Studies showed 
that increase in gel hardness can reduce flavour released to the headspace, and firm 
gels made from carrageenan and gelatine could enhance flavour retention (Carr, 
Baloga, Guinard, Lawter, Marty, Cordelia, 1996; Guniard, Marty, 1995). It was 
observed that flavour release was slower in the gels with higher gelatine concentration 
and that the release rate was dependent on the rate at which the gels collapsed after 
melting and chewing (Bakker, Brown et al., 1996). When different flavours were 
considered, hydrophobic flavour compounds were more likely to be affected. For 
different gelling agents, pectin and starch had relatively weaker effect on flavour 
release than gelatin, probably because of their less compact gel network structures 
(Boland et al., 2004). In a system containing Ca-alginate gels, flavour release was 
highly dependent on Ca2+ -alginate ratio. With higher Ca2+ concentration, the gel 
strength was enhanced, and less flavour was released from the system (Baines, Morris, 
1987). Hollowood, Linforth, Taylor (2002) revealed that the perceived strawberry 
flavour in Hydroxypropyl Methylcellulose (HPMC) thickened solution was largely 
reduced when HPMC concentration was above a critical value (known as “coil 
overlap concentration”), at which HPMC started to form an entangled network.  
However, other studies failed to demonstrate any difference in flavour release on 
adjusting emulsion viscosity (Basaran, Demetriades, McClements, 1998; Siefarth, 
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Tyapkova, Beauchamp, Schweiggert, Buettner, 2011). It was proposed that the pores 
of the biopolymer network were much larger than the size of flavour molecules, and 
flavour molecules can travel through the biopolymer without any barrier effect 
(Basaran, Demetriades, McClements, 1998). Another possible reason is that the 
concentration of the thickener was below the coil overlap concentration in these 
systems (Siefarth et al., 2011). It was also argued that, when the headspace 
concentration of flavours is governed by the mass transfer at the air-liquid interface 
rather than that at the oil-water interface, the viscosity of the emulsion system can 
only exhibit a slight effect on flavour release (Roberts, Elmore, Langley, Bakker, 
1996).  
3.4.3 pH 
Acids are common food ingredients, and they are sometimes used as flavour 
enhancers. Acids in food not only influence taste, but also modify aroma release. In a 
soft drink system, pH change from 5.0 to 3.0 or 4.0 (using citric acid) resulted in a 
significant increase of the release of esters (isopentyl acetate and ethyl hexanoate). 
Nevertheless, when pH was lowered to 2.0, the addition of citric acid did not show 
any effect on the release of esters, menthone, linalool, and limonene. When pH was 
regulated by a mixture of citric acid and sodium hydroxide, there was no difference in 
the release of esters, menthone and linalool among samples at pH 3.0, 4.0 and 5.0. 
The authors attributed the result mainly to the chelating effect of the dissociated form 
of citric acid (RCOO-). The more citric acid added to the solution, the greater the 
amount of dissociated citric acid would be available to interact with flavours, leading 
to lower headspace flavour concentration in the sample at pH 2.0. When both citric 
acid and sodium hydroxide were added, all the samples (pH 2.0, 3.0, 4.0, 5.0) had 
large amount of RCOO- (sample at pH 5.0 had the highest), and therefore the 
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difference in flavour release could not be detected (Hansson, Andersson, Leufvén, 
Pehrson, 2001).  
A pH adjustment also affects the pK values of flavour compounds, which modifies the 
partition and release of flavours (Bennett, 1992). Moreover, the properties of 
emulsifiers (especially proteins) are highly dependent on pH. A change in pH can 
largely modify the interactions between emulsifiers and flavour compounds. For 
example, when pH was adjusted from 3.0 or 4.0 to 5.0, more than 30% of ethyl 
hexanoate, 2-decanone and 1-octanol were released to the headspace above emulsions 
stabilized by β-lactoglobulin (Benjamin et al., 2012). In egg yolk or starch sodium 
octenylsuccinate stabilized emulsions, an increase of pH from 3.0 to 9.0 resulted in an 
enhanced retention of diacetyl, which was attributed to the strengthened interactions 
between diacetyl and the stabilizers through electrostatic attraction or hydrogen 
bonding at alkaline conditions (Bortnowska, 2012). 
Jouenne and Crouzet (2000) studied the effect of pH on flavour release from a 
β-lactoglobulin solution, and they found that the release of methyl ketones, ethyl 
esters, limonene and myrcene was significantly slowed by changing pH to 6.0 and 
then to 9.0, but all the flavours were less retained when the pH value increased to 11.0. 
It was suggested that there was enhanced interactions between flavours and 
β-lactoglobulin at pH 3.0-9.0, as the flexibility of the protein molecules, the surface 
exposure of residues, and the unfolding of peripheric α-helix and β-sheet were likely 
to increase as pH increased from 3.0 to 9.0. However, at pH 11.0 the tertiary structure 
of the protein was largely modified due to alkaline denaturation (unfolding), and the 
flavour-protein interactions were weakened. 
3.4.4 Other Factors 
Other factors, including emulsion stability and emulsion types, were poorly addressed 
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in the literature, but their effects on flavour release should not been neglected. For 
example, creaming in emulsions resulted in more oil phase transferred to the liquid-air 
surface, which then induced more flavour released to the headspace (Benjamin et al., 
2012). A studies on flavour release from emulsions of different types showed that the 
transfer rates of diacetyl toward the headspace was higher in an O/W emulsion than in 
a W/O emulsion stabilized with the same emulsifier (Salvador, Bakker, Langley, 
Potjewijd, Martin, Elmore, 1994). The inclusion of a water phase in a fat blend could 
reduce the headspace concentrations of butanoic acid and hexanoic acid (Shiota, 
Isogai, Iwasawa, Kotera, 2011). Nevertheless, a perception test failed to identify any 
difference in O/W emulsion and W/O emulsion with same compositions (Bakker, 
Mela, 1996). 
3.5 Effect of Mouth Conditions on Flavour Release 
In the oral cavity, the release behaviours of flavours from emulsions are mainly 
influenced by saliva. Apparently, dilution with saliva first disturbs the partition and 
mass transfer of flavours in the aqueous phase and oil phase. Many studies conducted 
either in vitro or in vivo observed a significant decrease in flavour release with an 
increase of saliva volume (Hansson, Giannouli, van Ruth, 2003; Mehinagic, Prost, 
Demaimay, 2004; van Ruth, Roozen, 2000). This was possibly because of the 
decreased flavour concentration in the diluted system as well as the weakened 
interactions between flavour compounds and the ingredients in the saliva, particularly 
proteins (Friel, Linforth, Taylor, 2001; van Ruth, Grossmann, Geary, Delahunty, 2001). 
However, there are other flavour compounds which released more to the headspace in 
a matrix-saliva mixture with high proportion of saliva, probably due to the 
“salting-out” effect (Deibler, Lavin, Linforth, Taylor, Acree, 2001). Moreover, due to 
the presence of many enzymes (e.g., α-amylase, lipase, esterase) in saliva, esters, 
Chapter one 
 
 
 
51
thiols and aldehydes were reported to experience enzymatic conversions to other 
flavours upon contact with saliva over certain periods of time (Buettner, 2002a,b), and 
loss of some flavours may also occur (Buettner, 2002b). Furthermore, temperature 
change induced by salivation should also be taken into account when studying flavour 
release in mouth. In addition, emulsion properties can be greatly influenced by human 
saliva, which then alters flavour release. Studies conducted on emulsions stabilized 
either by proteins (e.g., β-lactoglobulin, sodium caseinate, lactoferrin) or surfactants 
(e.g., tween 20, SDS) showed that salivas can induce emulsion flocculation (bridge 
flocculation or depletion flocculation), and finally phase separation (Vingerhoeds, 
Blijdenstein, Zoet, van Aken, 2005; Sigh, Sarkar, 2011).  
4. Conclusion 
An emulsion contains both water phase and oil phase separated by an interfacial film, 
and it can be used as a delivery system for functional ingredients to improve 
dispersibility, chemical stability, and bioavailability, and to control the release of the 
ingredients. Emulsion properties, particularly emulsion stability, significantly affect 
emulsion functionality. Structural designs in the oil phase, water phase, or interface 
could provide emulsions with improved stability and make emulsions more suitable as 
delivery systems. 
Extensive studies have been carried out to understand flavour release from food 
emulsions. Flavour release from emulsions is affected by various factors, including 
ingredient composition and emulsion structures. They function either individually or 
synergistically. It is now quite clear that oil plays a dominant role on flavour release, 
while emulsifiers and other ingredients are all likely to interact with flavour 
compounds and lead to altered flavour release. Modification of emulsion structures 
has been regarded as a novel way to modulate flavour release, while maintaining the 
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composition of the food emulsion to a large extent. Structured emulsions, those which 
have been proved as effective delivery systems for many functional food ingredients, 
could be also working well to deliver flavour compounds. Therefore, emulsions show 
great potential for applications in functional foods (e.g., low fat, low salt, low sugar) 
with favourable flavour characteristics. However, due to the complexity of food 
matrix, flavour characteristics, and emulsion behaviours during processing, 
transportation and consumption, the knowledge about flavour release from food 
emulsions is rather limited, and flavour release is still very difficult to control. 
Moreover, information obtained from model systems does not fully represent flavour 
release from a real food matrix. When flavour perception is concerned, more 
well-designed studies are required to understand the effect of oral conditions on 
emulsion structures and flavour release, and to unravel the relationships between 
texture and flavour perception.  
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CHAPTER TWO 
 
Monoglyceride Self-Assembled Structures in O/W Emulsions: 
Formation, Characterization and Their Effects on Emulsion 
Properties 
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Abstract  
Monoglycerides (MGs) can form self-assembled structures (liquid crystals) in 
aqueous or oil systems, which can structure emulsions. In this study, MG was 
incorporated in Tween 20 (TW) or whey protein isolate (WPI) stabilized O/W 
emulsions, and the crystallizing behaviour of MG in the emulsions and its effect on 
emulsion properties were investigated. Differential scanning calorimetry (DSC) 
analysis indicated that in TW emulsions MG crystals were mainly in β form when 
stored at 25 °C, but in α and sub-α forms at 4 °C before finally transformed to β form. 
In WPI emulsions, only β-form MG crystals were formed regardless of the storage 
temperature. Synchrotron X-ray diffraction (XRD) study revealed that MG liquid 
crystals (β form) were stacking in a well ordered lamellar style with a bilayer 
thickness of 49.5 Å. α and sub-α forms of the crystals were packing in hexagonal and 
orthorhombic styles, respectively. The formation of MG crystalline structure resulted 
in gel properties (storage modulus > loss modulus) in TW emulsions, and the storage 
modulus was dependent on MG content and oil content. MG structured WPI 
emulsions were unstable when subjected to lower pH or NaCl solutions, probably 
because of WPI replacement by MG, as well as the interaction between MG and WPI.  
 
Keywords: monoglyceride; structured emulsion; rheology; self-assemble; 
polymorphism; DSC; XRD 
Chapter two 
 
 
 
68
1. Introduction 
Monoglycerides (MGs) are industrially produced through esterification reactions from 
glycerin and oils, in the presence of catalysts. They can also be formed biochemically 
via release of a fatty acid from diacylglycerol by a diacylglycerol lipase (Krog, Sparsø, 
2004). MGs are generally present in crystal forms, and melt at certain temperatures. 
Due to a polymorphism behaviour, MG crystals can be present in sub-α, α, and β 
forms. These polymorphic forms are transformable, and only the β form crystals are 
thermodynamically stable (Heertje, Roijers, Hendrickx, 1998; Krog, 2001; Vereecken 
et al., 2009). MGs can self-assemble into different lyotropic liquid crystalline 
structures when hydrated, and they can be adsorbed at oil-water or water-air interface 
(Krog, Sparsø, 2004). The crystalline structures are able to accommodate bioactive 
compounds, acting as delivery systems (Sagalowicz, Leser, Watzke, Michel, 2006). 
The crystallizing behaviour of MG in water phase has been well documented. When 
MG-water system is heated above the Krafft point of MG, MG self-organizes into a 
lamellar liquid crystalline phase (Lα), where water molecules penetrate into the layers 
between the head groups of MG molecules. At temperature below the Krafft point, the 
Lα phase could transform to Lβ phase (also called α-gel), which is highly hydrated 
and unstable. The α-gel will eventually convert into an anhydrous β-gel (also called 
coagel) during storage, and water is expelled from the crystal lattice (Sein, Verheij, 
Agterof, 2002). In fact, these different crystalline phases can coexist in 
thermodynamic equilibrium under certain environmental conditions (temperature, 
water content, pH, etc.). Depending on MG crystal network structure and water 
content, the gels vary in firmness (Sein et al., 2002). When oil is included in the 
system, it can be incorporated into the gel phase. The crystalline MG at the oil-water 
interface is connected from one droplet to another, forming a continuous solid 
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network and giving the gel fat-like properties (Marangoni et al., 2007). This provides 
novel ways of producing fat replacers with less saturated fat. An In vivo study showed 
that consumption of the MG gel (MG-oil-water system) could lead to lower levels of 
triacylglycerols, free fatty acids and insulin in blood (Marangoni et al., 2007). 
Due to its amphiphilic properties, MG can be used to stabilize oil-in-water (O/W) 
emulsions. Usually, it is used with other emulsifiers, either biopolymers (e.g., protein), 
or small molecular weight surfactants (e.g., sugar esters) (Krog, Sparsø, 2004). MG 
can develop different forms of crystals in these systems as well, and structure the 
emulsions with modified properties (termed as structured emulsions). On the other 
hand, the ingredients in the emulsion could modify the crystallizing behaviour of MG. 
Despite various studies on MG crystallizing behaviours, very few studies have 
focused on MG in O/W emulsions, which in fact represent a wide range of food 
products (e.g., beverages, salad dressings). Yaghmur, de Campo, Sagalowicz, Leser, 
Glatter (2005) studied emulsions containing monoglyceride (with other surfactants), 
and they reported the existence of crystalline MG in the dispersed particles using 
cryo-TEM (with fast Fourier Transform). The result was also confirmed by 
small-angle x-ray scattering (SAXS) measurements. The crystalline MG in the oil 
droplets formed hydrophilic domains, with size smaller than 7 nm. It was revealed 
that the shapes of crystalline domains in the oil droplets were neither hexosomes nor 
cubosomes (as normally observed in MG-water or MG-oil dispersions), but more 
circular. Batte, Wright, Rush, Idziak, Marangoni (2007a, b) reported MG crystalline 
structure covering oil droplets in MG-oil-water gels (O/W emulsions, with 
co-surfactant) through a polarized light microscopy, and they proposed the crystalline 
structure to be lamellar as XRD results indicated. It seems that in O/W emulsions MG 
crystalline structure can exist both at interface and in oil phase, and the coexistent 
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surfactants affect the formation of the crystals. However, little information is available 
regarding the crystallization kinetics of MG in O/W emulsions and further studies are 
required to better understand the structure of MG in the emulsions. Besides, when 
MG crystalline structure is formed in the emulsion, the MG is not only behaving as an 
emulsifier, but also may be able to alter emulsion characteristics (e.g., physical 
properties).  
In the current study, MG was incorporated in O/W emulsions with tween 20 or whey 
protein isolate (WPI) as the main emulsifier. It was aimed to study the crystallizing 
behaviour of MG and determine MG crystal structures in the emulsions using DSC 
and synchrotron XRD by varying storage temperatures, oil droplet size, and emulsion 
composition (MG, oil, emulsifiers). The effects of MG crystalline structure on 
emulsion rheology and emulsion stability against different pHs and NaCl solutions 
were also investigated. 
2. Materials and Methods 
2.1 Materials 
Dimodan ® HR (Danisco, Denmark) was purchased from Cloverhill Food Ingredients 
Ltd. (Cork, Ireland). This product contains > 90% MG (glycerol monostearate). WPI 
(BiPro), containing 71% β-lactoglobulin and 12% α-lactalbumin, was obtained from 
Davisco Food International (Le Sueur, MN, USA). Polyoxyethylene sorbitan 
monolaurate (tween 20, TW), soybean oil, and sodium azide, Nile red, Nile blue, were 
all products of Sigma-Aldrich (St. Louis, MO, USA). 
2.2 Emulsion Preparation 
TW or WPI was dispersed in deionized water (1% w/w of final emulsion), and the 
solutions were kept overnight to ensure complete hydration. Sodium azide (0.01% 
w/w) was added as an antimicrobial agent. For the oil phase, the desired amount of 
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MG was mixed with soybean oil and the mixture was heated to ~75°C to completely 
melt and dissolve MG. The aqueous and oil phases were subsequently mixed at 5000 
rpm for 5 min using a Silverson high speed blender (Silverson Machines Ltd., 
Chesham Bucks, UK) to form a coarse emulsion, which was further homogenized 
using an M110-EH Microfluidizer (Microfluidics International Corp., Newton, MA, 
USA) at 50MPa (0.75 μm Y type chamber ) to produce fine emulsions. The 
homogenization process was performed at room temperature without temperature 
control. The final emulsions (TW or WPI 1%, oil 10, 20, 40%, MG 0, 0.5, 1, 2%, w/w, 
pH 7.0) were immediately cooled to ~ 25 °C with tap water, and then stored in 
incubators (4, 25 or 55 °C) for future analysis.  
In order to make emulsions (TW 1%, oil 20%, MG 2%, w/w) with bigger droplet size, 
two other homogenizing equipment, ULTRA-TURRAX high speed blender (IKA, 
Staufen, Germany) and Lab-homogenizer (Delta Instruments, Drachten, the 
Netherlands), were applied. With the ULTRA-TURRAX blender, emulsions were 
prepared at 10000 rpm for 1 min; with the Lab-homogenizer, emulsions were 
prepared at 4 MPa for 6 cycles.  
To study the effects of pH, salt on the properties of emulsions (TW or WPI 1%, oil 
20%, MG 2%, w/w), emulsions were pH adjusted (using 0.1 M HCl or 0.1 M NaOH) 
to pHs 3.0, 4.0, 5.0, 7.0, 9.0, and 11.0 or diluted with salt solutions (1:1 dilution) with 
different NaCl concentrations. The subsequent stability tests were performed right 
after the adjustment.  
2.3 Zeta Potential Analysis  
Zeta potential of the emulsions was determined by dynamic light scattering using a 
Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK) at a fixed detector 
angle of 90°. Emulsions were diluted to minimize multiple scattering effects prior to 
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each measurement.  
2.4 Droplet Size Analysis  
Droplet sizes of the emulsions were determined by dynamic light scattering using a 
Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK) at a fixed detector 
angle of 90°. Emulsions were diluted prior to each measurement to minimize multiple 
scattering effects. The results were described as cumulant mean diameter (size, nm), 
and polydispersity index (PdI) for size distribution. In the study of the effect of 
droplet size on the crystallizing behaviour of MG, a Mastersizer S laser diffraction 
instrument (Malvern Instruments) was used to better characterize big particles. In this 
case, emulsions were diluted in deionized water in the sample presentation unit. For 
the measurement, laser obscuration level was set at 14%, and particle and dispersant 
refractive index were chosen as 1.46 and 1.33, respectively, with 3NDH presentation. 
The d 43 based on droplets volume was reported as droplet size. 
2.5 Emulsion Stability Analysis 
Emulsion stability was evaluated using a multisample analytical centrifuge (Lumifuge, 
LUM GmbH, Berlin, Germany). Emulsions were transferred to rectangular cells (2 × 
8 mm) and analyzed by a light beam emitted at near infrared wavelength (880 nm) 
which scanned the sample cells over the total length. The charge coupled device 
(CCD) line sensor received light transmitted through the sample, which showed a 
pattern of light flux as a function of the radial position, giving a macroscopic 
fingerprint of the sample at a given time, from which emulsion instability, such as 
creaming, sedimentation, and droplet aggregation could be detected. In the current 
study, samples were centrifuged at 1500 rpm (286.8 × g) and 25 °C at a scanning rate 
of once every 30 s for 2.1 h. The result was expressed as the integrated transmission 
percentage against time. Its rate is a measurement of creaming stability, with lower 
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values indicating better creaming stability.  
2.6 Differential Scanning Calorimetry 
The melting and crystallization behaviours of MG in emulsions were analyzed using a 
DSC Q2000 differential scanning calorimeter (TA Instruments, Crawley, UK), on the 
day of sample preparation (D1), after 3 days (D4) and 6 days (D7) of storage. 
Approximately 15–20 mg of each sample was prepared in a Tzero pan, which was 
sealed with a Tzero hermetic lid. An empty pan was used as a reference. The DSC 
sample pans were heated from 4 or 25 °C to 80 °C at a heating rate of 5 °C/min to 
probe the melting of the crystals formed in the emulsion. In some occasions, an 
immediate cooling cycle to 5 °C at the same rate was applied. The DSC was 
calibrated with indium at a heating rate of 5 °C/min. 
2.7 Rheological Analysis 
Rheological property measurements were performed using an AR 2000ex rheometer 
(TA Instruments, Crawley, UK). For viscosity analysis, a concentric cylinder 
geometry (stator inner radius = 15 mm, rotor outer radius = 14 mm, gap = 5920 μm) 
was selected, and ~15 ml of each sample was placed into the inner cylinder, 
equilibrated for 2 min before measurement. In order to minimize the effect of water 
evaporation, a thin layer of silicone oil was added to the surface of the sample. 
Viscosity test was performed over a shear rate range of 0-300 s-1 at 25 °C. 
Viscoelasticity was measured after the MG self-assembled structure had been formed, 
using a 60 mm parallel-plate geometry system. For each measurement, 6 ml of the 
sample was carefully mounted on the plate. Dynamic stress sweep measurements 
were then performed to determine the linear viscoelastic range of the emulsions, at a 
stress range of 0.01-20 Pa and 1Hz frequency. The following frequency sweep test 
was made at a fixed stress of 5 Pa, and frequency range from 0.1Hz to 10 Hz, from 
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which the values of storage modulus (G′) and loss modulus (G′′) were obtained. 
All the rheological measurements were performed at 25 ± 0.05°C, controlled by a 
Grant GD120 stirred thermostatic circulator (Grant Instruments, Cambridge, UK). 
2.8 Synchrotron X-Ray Diffraction Analysis 
Synchrotron X-ray diffraction (XRD) patterns were recorded at the X-ray Diffraction 
beam-line 5.2 at the synchrotron radiation facility of Elettra located in Trieste (Italy). 
The X-ray beam emitted by the wiggler source on the Elettra 2 GeV electron storage 
ring was monochromatized by a Si (111) double crystal monochromator, focused on 
the sample and collimated by a double set of slits giving a spot size of 0.2 × 0.2 mm. 
A drop of sample was lodged into a premounted cryoloop for single crystal 
experiments (loop diameter 0.7–1.0 mm) (Hampton Research HR4-965, Aliso Veijo, 
CA, USA). Sample temperature was controlled by means of a 700 series cryocooler 
(Oxford Cryosystems, Oxford, UK). Single shot experiments were performed at 25 °C. 
Temperature ramp experiments were performed at the same rates as the DSC 
experiments (heating from 25 °C to 90 °C and then cooling to 0 °C at 5°C/min). Data 
was collected at a photon energy of 8.266 KeV (λ = 1.5 Å), using a 2M Pilatus silicon 
pixel X-ray detector (DECTRIS Ltd., Baden, Switzerland). Bidimensional patterns 
collected with Pilatus were calibrated by means of a LaB6 standard and integrated 
using the software FIT2D to obtain a series of powder-like patterns. The 2θ range 
observed spanned from 1.5 to 52°. The high brilliance source was used to observe 
weak structures, which helped to analyze the diffraction patterns. Peak positions of 
XRD patterns obtained by the crystalline phases were found by Winplotr. The falls 
observed in the patterns at defined q values were due to the detector modality of data 
acquisition. 
2.9 Microstructure Observation 
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Confocal laser scanning microscopy was used to observe the microstructure of the 
emulsions. A drop of the emulsion was transferred to a glass slide and stained with 
Nile red (0.1%, w/v, in distilled water) or Nile blue (0.1%, w/v, in distilled water). 
Confocal observation was performed using a Leica TCS SP5® microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). Images of representative areas of each 
sample were taken using a 63 × oil immersion objective (numerical aperture = 1.4) at 
excitation wavelengths of 488 and 633 nm provided by Ar and He/Ne lasers, 
respectively. 
2.10 Statistical Analysis.  
Statistical analysis was performed using OriginPro 7.5. All the measurements were 
repeated at least three times. A one-way analysis of variance (ANOVA), followed by 
Tukey’s test, was applied to determine significant differences between the mean 
values of each test. The significance level of p < 0.05 was used throughout the study. 
3. Results and Discussion 
3.1 Role of MG as an Emulsifier 
Table 2-1 gives the droplet size, size distribution of all the emulsions studied. 
Emulsions prepared through microfluidization had fine droplet size distribution, with 
the droplet size ranging from 170.8 to 387.4 nm. Droplet size in TW emulsion 
reduced with an increase in MG content, from 277.4 nm with no MG, to 193.4 nm 
with 2% MG. Meanwhile, emulsion stability (creaming stability) was improved when 
MG was used in the system. Figure 2-1 illustrates the stability evolution of emulsions 
using Lumifuge. The integral transmission values represented the ratio of light 
transmitted from the sample, and the change of the light detected could be a sign of 
droplet movement (e.g., aggregation, phase separation). It was observed that the 
integral transmission value in the TW emulsion without MG increased rapidly, which 
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indicated that the emulsion would cream after a period of time. On the other hand, the 
addition of 0.5% MG significantly reduced the rate at which the integral transmission 
increased and, addition of 1% and 2% MG led to stable transmission signal. This 
indicated that incorporation of MG into the emulsions promoted emulsion stability. In 
these emulsions, inclusion of MG reduced interfacial tension to a greater extent when 
mixed with TW, and the mixed emulsifiers resulted in a more compact interface, 
facilitating the formation of small droplets and preventing coalescence and 
aggregation of the emulsion droplets, which would result in creaming and phase 
separation (Krog, Sparsø, 2004).  
Table 2-1. Formulation map of the emulsions tested and droplet size of the emulsions 
on the day of preparation (mean ± SD, n ≥ 3). 
 
Emulsion 
code 
Emulsion components 
 
Size distribution 
Sunflower 
oil (%,w/w) 
MG    
(%, w/w)
Emulsifier 
(1%, w/w) 
Size      
(nm) 
PdIA 
1 20 0 TW 277.4±3.2a 0.25±0.01 
2 20 0.5 TW 257.3±6.7b 0.24±0.01 
3 20 1 TW 236.5±3.6c 0.23±0.01 
4 20 2 TW 193.4±4.2d 0.13±0.01 
5 10 2 TW 170.8±1.5e 0.15±0.02 
6 40 2 TW 387.4±3.2f 0.14±0.01 
7 20 0 WPI 241.1±2.3c 0.26±0.01 
8 20 2 WPI  234.3±3.0c 0.31±0.01 
9 10 2 WPI  233.1±3.0c 0.25±0.01 
 
A PdI, poly dispersity index. 
Within each column, values with different letters are significantly different (p < 0.05). 
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Figure 2-1. Recorded evolutions of time-dependent integral transmission profiles of 
emulsions stabilized by TW (1% w/w) with the addition of different amount of MG 
(oil 2% w/w). 
 
3.2 Crystallization of MG in O/W Emulsions  
The formation of MG polymorphic crystals in the emulsions was time and 
temperature dependent (Figure 2-2). On the day of emulsion preparation (D1, 25 °C), 
MG only showed a weak melting peak (P1) at 57.39±0.04 °C (with a melting enthalpy 
of 0.41±0.01 J/g) (Table 2-2). After 3 days of storage (D4, 25 °C), P1 evolved to a 
bigger peak (P2) at 62.02±0.28 °C. Further storage (D7) did not bring about a 
significant change in peak temperature and melting enthalpy (Table 2-2), indicating 
that stable crystals were formed and maximum crystallinity was reached. Based on 
literature data, MG crystals at P1 and P2 probably corresponded to the α form and β 
form crystals (Vereecken et al., 2009). When the emulsion was stored at 4 °C, a third 
melting peak (P3) was observed at 17.01±0.03 °C, and it corresponded to sub-α form 
MG crystals (Vereecken et al., 2009; Chen, Terentjev, 2010). The hydration of the 
glycerol in the bilayer resulted in the formation of a thin layer inside the inverse 
lamellar bilayer, which disturbed the packing of MG molecules, leading to a decrease 
in the crystallization temperature of sub-α form crystals (Chen, Terentjev, 2010). On 
D7, the three forms of MG crystals (at P1, P2, and P3) were present, indicating a 
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polymorphic transformation of sub-α and α form MG crystals to β form crystals 
(Vereecken et al., 2009; Chen, Terentjev, 2010). It was also evident that MG was 
crystallizing at a much lower rate at 4 °C, and it would take longer time to reach the 
highest crystallinity. When the emulsion was stored at 55 °C, no melting peak was 
detected throughout the study. It was because that the crystals at P1 (α-form crystals, 
previously formed on D1) were melted at 55 °C, and the subsequent polymorphism 
transformation did not occur and no crystals were eventually formed. 
Table 2-2. Melting peak temperature (Tp) and melting enthalpy (ΔH) of MG crystals 
in TW/WPI emulsions (TW or WPI 1%, oil 20%, MG 2%, w/w) (D4, 25 °C).  
 
  TW emulsion  WPI emulsion 
  D1 D4 D7 D1 D4 D7 
Tp 
(°C) 57.39±0.04a 62.02±0.28b 62.56±0.05c 59.80±0.20d 59.76±0.16d 59.59±0.04d
ΔH 
(J/g) 0.41±0.01a 2.14±0.21b 2.22±0.05c  0.39±0.02a 0.45±0.11ad 0.55±0.08d 
 
Within each row, values with different letters are significantly different (p < 0.05). 
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Figure 2-2. Effect of storage temperatures on the melting behaviours of MG in 
emulsions stabilized by TW on day 1 (D1), day 4 (D4) and day 7 (D7) (TW 1%, oil 
20%, MG 2%, w/w). All the emulsions were originally prepared at 25 °C. 
 
  
 
Figure 2-3. Effect of storage temperatures on the melting behaviours of MG in 
emulsions stabilized by WPI on day 1 (D1), day 4 (D4) and day 7 (D7) (WPI 1%, oil 
20 %, MG 2 %, w/w). All the emulsions were originally prepared at 25 °C. 
 
In terms of MG crystallizing behaviour in WPI emulsion (Figure 2-3), it was quite 
different from that in TW emulsion. The DSC profile shows that MG crystals formed 
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on D1, and remained stable thereafter. Emulsions stored at 4 and 25 °C had a similar 
MG thermal behaviour, with melting peaks at ~ 59.6 °C. The melting peaks shifted to 
~ 62.8 °C when WPI emulsion was stored at 55 °C. By calculating the melting 
enthalpy of MG crystals along the storage test, it was found that most crystals were 
formed on D1, and the following storage only gave a slight increase in the 
crystallinity. For example, at 25 °C, the crystals had a melting enthalpy of 0.39±0.02 
J/g on D1, and the value increased to 0.45±0.11 and 0.48±0.08 J/g on D4 and D7, 
respectively (Table 2-2). The lower melting enthalpy here suggested that only a small 
amount of MG crystals was formed in WPI emulsion, compared to that in TW 
emulsion. Therefore, emulsifier type affected the crystallinity of MG in emulsion 
systems.  
As a surface active small molecular weight emulsifier, MG is ready to be adsorbed at 
the droplet surface once the water-oil interface is formed, though most MG still 
remains in the oil phase in an O/W emulsion. The reduced droplet size (Table 2-1) 
and increased creaming stability (Figure 2-1) of the emulsions with a mixture of MG 
and TW suggested that MG contributed to form a stronger interface. While in the case 
of WPI emulsion, different interaction modes between WPI and MG could be 
expected. Proteins could be displaced from droplet surface by MG (Pelan, Watts, 
Campbell, Lips, 1997; Pugnaloni, Dickinson, Ettelaie, Mackie, Wilde, 2004) or they 
could form lipid-protein complexes (Leenhouts, Demel, de Kruijff, Boots, 1997; 
Boots, Chupin, Killian, Demel, de Kruijffe, 1999). The determination of surface 
charge showed that zeta-potential of 2% w/w MG structured emulsion (- 26.1 ± 0.4 
mV) was just about half the value of that of unstructured emulsion (-45.4 ± 0.2 mV), 
which suggested that the protein at the interface was partly displaced by MG. The 
mixture of MG and protein at the interface formed a complex film, which could 
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strengthen the barrier properties of the interface. The complexation originated from 
the insertion of β-lactoglobulin (the main component of WPI) into the MG structure, 
which also modified the thermal properties of MG (Anker, Berntsen, Hermansson, 
Stading, 2002; Boots et al., 1999). 
Compared to MG-oil-water gel and MG-oil solution, where MG crystallization 
commences soon after preparation, the emulsion systems in this study showed a lower 
rate of MG crystallization. This was due to the lower concentration of MG in the 
system and the effect of emulsification. Literature results have suggested that 
crystallization proceeds with decreased nucleation rates in emulsions with 
micrometer-size or nanometer-size droplets, which is probably due to the dilution of 
nucleation-catalytic impurities by the emulsification process (Vereecken et al., 2009; 
Sonoda, Takata, Ueno, Sato, 2006). More specifically, in bulk liquid oil foreign 
molecules (impurities) and their surfaces may catalyze nucleation. Once such a liquid 
is subdivided into very small particles through homogenization, the concentration of 
catalytic impurities in each droplet will vary significantly and sometimes may even be 
absent (Povey, 2001). Although a large interfacial area is believed to promote 
crystallization due to surface crystallization and droplet collision (Povey, 2001), the 
presence of an interfacial film composed of TW or WPI in the current emulsion 
systems may inhibit this process. 
The effects of MG content and oil content on the crystallizing behaviour of MG in the 
emulsions were also evaluated. As illustrated in Figure 2-4A, all the emulsions (D4) 
had melting peaks at ~ 62 °C, and the melting enthalpy was higher in emulsions with 
higher MG content. Figure 2-4B shows the DSC profiles of emulsions (D4) with 
different oil contents. It is observed that all the emulsions showed similar melting 
peak temperature over a narrow temperature range of 61.2-62.7 °C, with no 
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significant difference in the enthalpy of the peaks (p > 0.05). This result confirmed 
that the amount of MG crystalline structure was highly related to MG content while 
less related to oil content, which was also reported by Calligaris et al. (2010) in 
water-gel systems.  
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In order to get more information about the structure of MG crystals formed in the 
emulsions, synchrotron X-ray diffraction (XRD) was used to study the MG crystals in 
TW and WPI emulsions at 25 °C. Synchrotron facilities have been widely used as a 
preferred source for X-ray diffraction over conventional X-ray tube, due to the high 
brightness and collimation of synchrotron beam and the broad band nature of the 
synchrotron radiation. Figure 2-5 shows the XRD patterns of MG in TW and WPI 
emulsions. The XRD pattern of MG powder was reported as a control. In the small 
angle region the main peak of TW emulsion was positioned at 49.5 Å followed by its 
reflections at 24.79, 16.58, and 12.47 Å. These sequences (1, 1/2, 1/3 and 1/4) are 
characteristic of lamellar ordering. In the meanwhile, wide angle peaks were observed 
at 4.73, 4.54, 4.40, 4.28, 4.09, 3.94, 3.85, 3.77, and 3.70 Å. The thickness of the 
lamellar bilayer (49.5 Å) as well as the interplanar distances of wide angle peaks were 
in a good agreement with literature data reporting the presence of β form crystals in 
MG-oil-water systems (Chen, Terentjev, 2010). It is interesting to note that MG 
powder and TW emulsion had very similar XRD patterns in most scanning regions, 
probably because MG crystals in these two systems were both in the stable β-form. 
Differences in wide angle region could be due to the fact that MG was hydrated in the 
emulsion, or the emulsifier (TW) produced some effect on the structure of MG 
crystals. Regarding the XRD pattern of MG structured WPI emulsion, a clear 
diffraction peak was detected once again at 49.01 Å, which indicated the presence of a 
lamellar organization in the system. Few other peaks can be detected (22.98, 16.24, 
4.55 Å) at a lower interplanar distance. The peaks were mostly of very low intensity 
as showed in Figure 2-5. Therefore, the level of lamellar organization of MG was very 
low in WPI emulsion, because of the lower crystallinity of MG in the emulsion as 
previously observed by DSC.   
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Figure 2-5. Synchrotron X-ray diffraction patterns of monoglyceride (MG) powder 
and MG structured TW emulsion and MG structured WPI emulsion (D4) (TW or WPI 
1%, oil 20%, MG 2%, w/w). The falls in the diffraction patterns (1.22 Å-1 < q < 1.28 
Å-1) were due to the detector modality of data acquisition. 
 
To track the kinetics of MG crystallization in the emulsion, an immediate cooling 
cycle was carried out after the melting of MG crystals in TW emulsions during the 
DSC test (Figure 2-6). The DSC curve shows that two crystallizing peaks were 
formed during cooling, with the same peak temperatures as P1 and P3 (Figure 2-2), 
representing α and sub-α forms of the crystals. This finding confirmed that the stable 
β-form crystals were not originally formed, but were transformed from the two 
metastable forms (Vereecken et al., 2009; Chen, Terentjev, 2010). The formation of 
α-form and sub-α form crystals was affected by the size of the oil droplets in the 
emulsions. Figure 2-6 illustrates the crystallizing behaviour of MG in three TW 
emulsions with different droplet sizes. Emulsions prepared with microfluidizer (I), 
with Lab-homogenizer (II), and with ULTRA-TURRAX (III) had droplet sizes (d 43) 
of 0.43, 0.64, and 1.85 μm, respectively. It was found that in the emulsion I, MG 
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tended to form α-form crystal at a much higher temperature (with an onset 
temperature of 57.68 °C), whereas in emulsion II and emulsion III, the formation of 
the crystals was well delayed (onset temperatures were 52.12 and 48.64 °C, 
respectively). However, the crystallization enthalpy of the MG crystals in the three 
emulsions was quite close to each other, although the crystallizing peaks in emulsions 
II and III were tailed. On the other hand, the formation of sub-α type crystals had a 
similar onset crystallization temperature at ~15 °C in all three emulsions. 
    
Figure 2-6. Effect of droplet size on the crystallizing behaviours of MG in TW 
emulsions (TW 1%, oil 20%, MG 2%, w/w).  
 
XRD analysis revealed more information about the structure of the transition forms of 
MG crystals developed during cooling. Figure 2-7 describes that the diffraction 
patterns of the emulsion cooled down from 70 to 0 °C. In the small angle region the 
main peak appeared at 48.2 Å followed by a corresponding reflection, confirming 
previously reported data on lamellar thickness (Figure 2-7A). The wide angle 
diffraction pattern revealed a particularly strong reflection at 4.17 Å (Figure 2-7B). As 
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reported by Chen and Terentjev (2010), typical peaks at 4.17 Å were attributed to 2D 
hexagonal packing of glycerol heads in the α-form. At 44 °C the peak slightly shifted 
to 46.2 Å and a new series of peaks at 4.28, 4.16, 4.14, 3.99, and 3.83 Å were 
identified. The positions of these peaks were typical characteristics of a sub-α 
ordering which is characterized by the orthorhombic unit cell packing (Chen, 
Terentjev, 2010 & 2011).   
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were near Newtonian with a very low viscosity when no MG crystal was formed 
(Figure 2-8). When MG concentration was > 1% w/w, the emulsions presented 
shear-thinning behaviour when stored ≥ 3 days and emulsions had higher bulk 
viscosity when more MG was included. The increased viscosity was attributed to the 
crystallization of MG inside oil droplets, which entrapped oil molecules resulting in 
higher resistance to the shear rate. On the contrary, the WPI emulsions remained 
Newtonian over the storage (data not shown), probably because of the lower 
crystallinity of MG. 
 
Figure 2-8. Effect of MG content on the viscosity of TW emulsions (D4) (TW 1%, 
oil 20%, w/w). 
 
 
The formation of MG crystals largely influences viscoelastic properties of emulsions: 
MG structured emulsions had a gel-like behaviour, with the storage modulus (G′) 
dominated loss modulus (G′′) (Figure 2-9) (Calligaris et al., 2010).  
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Figure 2-9. Storage modulus (G′) and loss modulus (G′′) of emulsions stabilized by 
TW (1% w/w) with different amounts of oil on D4 under the frequency sweep test 
(MG 2% w/w). 
 
The elastic property of the system is determined by a network of MG crystals 
containing oil. In emulsions with 0.5 or 1% MG, as less MG crystalline structures 
were formed, no evident gel-properties were observed (data not shown). However, 
change in oil content of the emulsions significantly affected the elastic properties. 
Both emulsions with 20 and 40% oil had high values of G′ (G′′), and clearly 
demonstrated gel-like properties. Emulsions with 10% oil had very low G′ (G′′) values, 
and no gel structure was observed (Figure 2-9). The exact reason behind this is still 
unknown, but the difference in the droplet concentration may be a contributory factor. 
In the emulsion with 10% oil, the droplet concentration was lower than those in the 
emulsions with 20 or 40% oil, which resulted in less structured oil in the emulsion. 
Therefore, the gel properties in the emulsion depended on oil content and MG content, 
and no gel structure can be observed when the oil content or MG content was lower 
than certain values (Ojijo, Neeman, Eger, Shimoni, 2004). 
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brought neighboring droplets together (Batte et al., 2007a, b). However, the network 
did not lead to many bigger droplets, as the droplets were well separated. In the WPI 
emulsion, inclusion of MG did not show much effect on droplet distribution. It was 
found that WPI in the structured emulsion was behaving differently. The protein was 
aggregated in the structured emulsion (B2), while it was homogeneously distributed in 
the unstructured emulsion (B1). In the structured emulsion, protein molecules inserted 
into MG layers at the interface, and underwent conformation modification (Anker et 
al., 2002; Boots et al., 1999), making the protein molecules more sensitive to the heat 
treatment during emulsion preparation. 
Emulsions with a mixture of TW and MG exhibited improved stability at neutral 
conditions as discussed earlier. In this part of study, the stability of the MG structured 
emulsions at different pHs (3.0-11.0) and NaCl concentrations (0-200 mM) was 
evaluated. For MG structured WPI emulsions, the transmitted light signal increased 
dramatically in the initial 20 min when pHs of the emulsions were adjusted to the 
acidic region (pHs 3.0, 4.0, 5.0), indicating fast creaming in these samples. For 
emulsions subjected to neutral or basic pHs (7.0, 9.0, 11.0), the transmitted light 
signal kept stable, suggesting higher creaming stability (Figure 2-11A). For the 
unstructured WPI emulsion a higher creaming rate was only observed at pH 5.0 (data 
not shown), where the oil droplets were poorly charged and droplets were easily 
aggregated. On the other hand, when MG structured WPI emulsions were subjected to 
different salt environments, fast creaming took place at NaCl concentration ≥ 50 mM 
(Figure 2-11B), whereas the unstructured emulsions were stable throughout the entire 
salt concentration range studied.  
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Figure 2-11. Effect of pH adjustment (A) and NaCl concentrations (B) (1:1 dilution) 
on the creaming stability of MG structured WPI emulsions (D4) analyzed by 
Lumifuge (WPI 1%, oil 20%, MG 2%, w/w). The slope of the integral 
transmission-time curve is an indicator of creaming stability. The higher the slope, the 
lower the stability was. 
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WPI displacement by MG could account for the poor stability of the emulsions 
(McClements, 2005). After replacement, the remained protein at the interface could 
not provide a sufficient repulsion force against droplet aggregation when subjected to 
lower pH and NaCl solutions, which promoted fast creaming. Second, the interaction 
between WPI and MG may result in conformational change of the protein (Anker et 
al., 2002; Boots et al., 1999), making it more sensitive to pH changes and salt addition. 
On the other hand, the MG structured TW emulsions were rather resistant to pH and 
ionic strength changes, and only a slight modification of the transmitted light signal 
was observed (result not shown), indicating higher creaming stability. This was 
probably because the two types of small molecular weight emulsifiers could coexist at 
the interface, and both contributed to the creaming stability at adverse conditions. MG 
lamellar phase is sensitive to the change of pH and salt concentrations, as they greatly 
affect the swelling of lamellar phase and the water inclusion (Chen, Terentjev, 2010; 
Batte et al., 2007a). However, change in the crystalline structure did not show a large 
effect on emulsion stability in this study, probably because of the lower crystallinity 
of MG at the interface, and the crystals inside oil droplets were protected by the 
interfacial film. 
4. Conclusion 
MG could self-assemble into different types of crystals in O/W emulsions, and modify 
emulsion properties. The crystals packed in lamellar, hexagonal and orthorhombic 
styles, depending on storage temperatures and time. The presence of other emulsifiers 
changed the crystallinity of MG and the polymorphic transitions of the MG crystals, 
leading to significantly different rheological properties of the emulsion. The MG 
structured WPI emulsions became sensitive to environmental stresses, e.g., pH, NaCl 
solutions, while the MG structured TW emulsions were resistant to these stresses. 
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Therefore, when MG structured emulsions are included in food systems, the effects of 
coexistent ingredients and the environmental conditions should be considered in 
evaluating emulsion stability and functionality of these composite dispersions. Future 
studies can be carried out to further elaborate on the mechanisms of polymorphic 
transitions of MG crystals in emulsions, and the physicochemical properties of the 
different crystals formed, for a better application of MG structured emulsions as 
delivery systems for functional food ingredients.  
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CHAPTER THREE 
 
Flavour Release from Self-Assembly Structured Emulsions: Effect of 
Monoglyceride Content, Oil Content, and Oil Type 
 
Published in Journal of Agricultural and Food Chemistry, 2013, 61, 1427-1434 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work contained in this chapter was undertaken and written solely by myself with 
specific contributions from each co-author.  
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Abstract 
Monoglycerides (MGs) can form self-assembled structures in emulsions, which can 
be used to control flavour release. In this study, initial headspace concentrations 
(Cinitial), maximum headspace concentrations (Cmax), release rates, and partition 
coefficients of propanol, diacetyl, hexanal, and limonene were determined in MG 
structured oil-in-water emulsions using dynamic and static headspace analyses. For all 
of the flavour compounds, Cinitial values above structured emulsions were significantly 
lower than those above unstructured emulsions and decreased with increasing MG 
contents (p < 0.05). However, flavours had higher release rates in emulsions with 
higher MG contents. When oil content was reduced from 20 to 10%, Cinitial and Cmax 
increased for limonene and hexanal and decreased for propanol and diacetyl. When 
different oils were applied, both Cinitial and Cmax were significantly lower in 
medium-chain triglyceride emulsions than in soybean oil emulsions (p < 0.05). Static 
headspace analysis revealed that flavour compounds had significantly lower 
air-emulsion partition coefficients in the structured emulsions than in unstructured 
emulsions (p < 0.05). These results indicated that MG structured emulsions can be 
potentially used as delivery systems to modulate flavour release. 
 
Keywords: emulsion; flavour release; monoglyceride; self-assembled structure; 
headspace; partition coefficient 
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1. Introduction 
Volatile flavour compounds are perceived when they are in contact with olfactory 
receptors either orthonasally by sniffing or retronasally by flavour migration during 
mastication. Headspace flavour concentration and speed of flavour release could 
largely influence flavour perception. Flavour release from emulsions is dependent on 
the physicochemical properties of the flavour compounds and the ingredients in the 
emulsions and their concentrations (van Ruth, king, Giannouli, 2002; Guichard, 2002; 
Relin, Fabre, Guichard, 2004; McClements, 2005), as well as emulsion properties 
(e.g., droplet size, viscosity) (McClements, 2005; Miettinen, Tuorila, Piironen, 
Vehkalahti, Hyvönen, 2002; Karaiskou, Blekas, Paraskevopoulou, 2008). Of these 
factors in oil-in-water (O/W) emulsions, oil plays a dominant role on flavour release. 
Oils can act as flavour precursors, as solvents for flavours, and as flavour release 
modulators (de Roos, 1997). Variation in oil content or oil nature may lead to 
significantly different flavour release profiles. It has been well documented that 
reduction in oil content can promote the release of lipophilic flavour compounds, and 
headspace concentration of flavours above an emulsion with lower oil content was 
normally higher (van Ruth, king, Giannouli, 2002; Guyot et al., 1996; Bayarri, Taylor, 
Hort, 2006; Weel, Boelrijk, Burger, Jacobs, 2004). Fat-free products therefore often 
show an undesirable transient flavour burst, as the release is not mediated by a fat 
phase (de Roos, 1997). Only a small portion of the flavours (volatile) are hydrophilic, 
and they behave differently. Several studies showed that the release of hydrophilic 
flavour compounds was not, or even positively, affected by increasing oil contents 
(Bayarri, Taylor, Hort, 2006; Rabe, Krings, Berger, 2003; Frank, Appelqvist, Piyasiri, 
Wooster, Delahunty, 2011). On the other hand, different types of oils varying in fatty 
acid composition (e.g., chain length, saturation level, chain arrangement) and physical 
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state (solid/liquid fat ratio) had different affinities for flavour compounds, giving 
different effects on flavour release (Rabe, Krings, Berger, 2003; Roberts, Pollien, 
Watzke, 2003; Ghosh, Peterson, Coupland, 2006). Moreover, oil can influence flavour 
release indirectly by changing emulsion properties (McClements, 2005). In some 
systems, the impact of oil was so dominant that binding effects of other food 
ingredients (e.g., proteins) to flavour compounds were insignificant (Roberts, Pollien, 
Watzke, 2003; Seuvre, Espinosa-Díaz, Voilley, 2000). 
Monoglycerides (MGs) are common food emulsifiers, and they can be used to modify 
oil properties (Sagalowicz, Leser, Watzke, Michel, 2006; Krog, Sparsø, 2004). When 
MG is dispersed in oil above the melting point, it forms self-assembled structures 
(liquid crystals) on cooling (Krog, 2001). Such crystalline structures can be used as 
delivery systems, to protect sensitive bioactive substances, to solubilize drugs, and to 
control the release of active compounds (Sagalowicz, Leser, Watzke, Michel, 2006; 
Larsson, 2004). Furthermore, in an oil-water dispersion, MG could develop into a 
highly hydrated crystalline lamellar phase (Lα) and form a mesomorphic gel with 
some solid fat-like characteristics, which could be used in fat-reduced foods (Batte, 
Wright, Rush, Idziak, Marangoni, 2007; Calligaris, Pieve, Arrighetti, Barba, 2010). 
The use of MG self-assembled structures to control flavour release from emulsions 
has only been reported recently. In MG structured W/O microemulsions, Vauthey et al. 
(2000) found increased flavour release of both lipophilic and hydrophilic compounds, 
whereas Landy et al. (2007) reported that lipophilic flavour compounds were retained 
at a higher level in MG structured emulsions, in comparison with unstructured W/O 
emulsions. In MG structured oil-in-water gel systems, Calligaris et al. (2010) 
discovered that the equilibrium concentration of limonene in the headspace of MG gel 
was significantly lower than that of a conventional emulsion. Phan, Liao, Antille, 
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Sagalowicz, Robert, Godinot (2008) made MG structured O/W emulsions with low oil 
content, in which delayed flavour release was also observed. Therefore, emulsions 
containing MG self-assembled structures have some potential to act as delivery 
systems for flavour compounds. However, further studies are required to better 
understand the influence of MG self-assembled structures on flavour release from 
emulsion systems.  
The aim of the present study was to investigate the effects of MG content, oil content, 
and oil type on the release behaviour of four flavour compounds from emulsions 
containing MG self-assembled structure. The MG formed crystalline structure in 
Tween 20 stabilized O/W emulsions, and flavour release modified by the MG 
structure was measured by GC headspace analysis (dynamic and static studies). The 
knowledge obtained in this study might be useful in the development of novel foods 
with improved flavour profiles. 
2. Materials and Methods 
2.1 Materials 
Dimodan ® HR (Danisco, Denmark) was purchased from Cloverhill Food Ingredients 
Ltd. (Cork, Ireland). This product contained > 90% MG (glycerol monostearate). 
Medium chain triglyceride (MCT) was kindly offered by Lonza Inc. (Williamsport, 
PA, USA) and contained 71% caprylic acid and 29% capric acid.  Polyoxyethylene 
sorbitan monolaurate (Tween 20), soybean oil (SO), sodium azide, and four flavour 
compounds, that is, 1-propanol (> 99.5% purity), diacetyl (> 99.5% purity), hexanal (> 
98% purity), and (R)-(+)-limonene (> 97% purity) were all products of Sigma-Aldrich 
(St. Louis, MO, USA).  
2.2 Emulsion Preparation 
Tween 20 was dispersed in deionized water (1% w/w of final emulsion), and sodium 
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azide (0.01% w/w) was added as an antimicrobial agent. For the oil phase (10 or 20% 
w/w), different amounts of MG were mixed with SO (or MCT), and the mixture was 
heated to ~75 °C to completely dissolve MG. The aqueous and oil phases were 
subsequently mixed at 5000 rpm for 5 min using a Silverson high-speed blender 
(Silverson Machines Ltd., Chesham Bucks,UK) to form a coarse emulsion, which was 
further homogenized using an M110-EH Microfluidizer (Microfluidics International 
Corp., Newton, MA, USA) at 50 MPa for one pass. In microfluidization, a 75 μm 
Y-type ceramic interaction chamber was used, together with a 200 μm Z-type 
auxiliary processing module. The homogenization process was performed at room 
temperature without temperature control. The final emulsions were immediately 
cooled to ~ 25 °C with tap water and then stored in an incubator at 25 °C for future 
analysis. 
2.3 Emulsion Characterization 
Droplet sizes of the emulsions were determined by dynamic light scattering using a 
Zetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK) at a fixed detector 
angle of 90°. Results were described as intensity mean diameter (size, nm), and 
polydispersity index (PdI) for size distribution.  
Viscosity measurements were performed using an AR 2000ex rheometer (TA 
Instruments, Crawley, UK), equipped with a concentric cylinder geometry (stator 
inner radius = 15 mm, rotor outer radius = 14 mm, gap = 5920 μm). The test was 
performed over a shear rate range of 0-300 s-1 at 25 °C. 
2.4 Differential Scanning Calorimetry 
The thermal behaviours of MG in structured emulsions were analyzed using a DSC 
Q2000 differential scanning calorimeter (TA Instruments), on the day of sample 
preparation (D1), after 3 days (D4, stored at 25 °C), and after 6 days (D7, stored at 
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25 °C). Approximately 15–20 mg of each sample was prepared in a Tzero pan, which 
was sealed with a Tzero hermetic lid. An empty pan was used as a reference. The 
DSC sample pans were heated from 25 to 80 °C at 5 °C/min to track the melting of 
the crystals formed in the emulsion. The DSC was calibrated with indium at a heating 
rate of 5 °C/min (Vereecken et al., 2009). 
2.5 Flavouring of Emulsions 
Stock solutions of flavour compounds were prepared by mixing four flavours in 
ethanol (10% v/v for each flavour) and equilibrated for at least 1 h in gastight glass 
vials (2 mL, silicone/PTFE seals) (La-pha-pack GmbH, Langerwehe, Germany). 
Emulsion flavouring was then performed by adding flavour solution into emulsions in 
gastight glass vials (20 mL, silicone/PTFE seals) (La-pha-pack GmbH) to reach a 
concentration of 1000 mg/L for each flavour. The vials were fully filled to minimize 
flavour losses. Emulsions were stored at 25 °C and headspace analysis was done on 
the day of emulsion flavouring (D1) or three days after (D4). 
2.6 Dynamic Headspace Analysis 
Headspace concentrations of the flavours at different time points were measured using 
a Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, CA) equipped with a 
ZB-5MSi capillary column (60 m, 0.25 mm i.d., film thickness 0.25 μm) and coupled 
with a FID detector. Flavoured emulsion (2 g) was rapidly transferred to a 20 mL 
headspace vial and capped immediately (silicone/PTFE seals) (La-pha-pack GmbH). 
The vials were incubated at 37 °C (close to temperature in oral cavity) in a Combi 
PAL autosampler (CTC Analytics AG, Zwingen, Switzerland). The dynamic condition 
was created by varying the incubation time (from 30 s to 60 min). Pre-experiment 
showed that sufficient headspace concentration was created after 30 s of incubation, 
and it was chosen as the start sampling point. Injections of the headspace (1 mL) were 
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performed using a preheated (42 °C) 2.5 mL thermostated gastight syringe (Hamilton, 
Bonaduz, Switzerland) under split mode (1:10). Injector and FID temperatures were, 
respectively, 225 and 230 °C. The helium carrier gas velocity was 1 mL/min. The 
temperature program was 50 °C (4 min), raised to 200 °C at 10 °C/ min rate and to 
240 °C at 40 °C/min rate (2 min) (Benjamin, Silcock, Leus, Everett, 2012). 
Initial headspace concentration (Cinitial, sampling after 30 s of incubation), maximum 
headspace concentration (Cmax, the highest concentration during incubation), and 
release rates were adopted to describe dynamic flavour release. To quantify the 
concentrations of the flavours in the headspace, calibration curves of the four flavours 
were plotted using peak areas obtained from GC analysis against six known 
concentrations of each flavour in ethanol. The completely vaporized flavour-ethanol 
solution was analyzed according to the above GC methods. Results were based on 
triple analyses. The dynamic release of the flavours from emulsions was expressed by 
plotting the headspace concentrations of each flavour (mg/L) against incubation time 
(min) at 37 °C. The slopes of the initial linear part of the release curves were taken as 
release rates (mg/L min).  
2.7 Determination of Air-Emulsion Partition Coefficients 
Air-emulsion partition coefficients (KA/E) were determined by calculating the ratio of 
flavour concentrations in the headspace and emulsion matrix at equilibrium. 
Headspace concentrations were measured through static headspace analysis using the 
same GC method as described in dynamic headspace analysis, and samples were 
incubated at 37 °C for 60 min. Flavour concentration remaining in the emulsion was 
then calculated by subtracting headspace flavour from the originally added flavour 
during emulsion flavouring. 
2.8 Statistical Analysis 
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Statistical analysis was performed using OriginPro 7.5. All of the measurements were 
repeated at least three times. A one-way analysis of variance (ANOVA), followed by 
Tukey’s test, was applied to determine significant differences between the mean 
values of each test. A significance level of p < 0.05 was used throughout the study. 
3. Results and Discussion 
The emulsions had droplet sizes ranging from 183.9 to 283.7 nm, with different 
viscosities due to various oil compositions (Table 3-1) after 3 days of storage.  They 
were stable during the testing period, and no creaming or phase separation was 
observed. 
Table 3-1. Formulation map of the emulsions tested and properties of the emulsions A 
(mean ± SD, n ≥ 3). 
 
Oil 
type  
Oil 
content 
MG 
content 
Size 
(nm) PdI 
Viscosity B 
(mPa.S) 
SO 20% 0 283.7±2.6a 0.26±0.01 3.40±0.16a 
SO 20% 0.5% 277.3±1.9b 0.24±0.02 14.05±0.68b 
SO 20% 1% 254.7±1.8c 0.22±0.01 16.52±0.90c 
SO 20% 2% 205.4±2.4d 0.16±0.01 58.52±2.13d  
SO 10% 0 258.3±2.2c 0.12±0.02 3.30±0.12a 
SO 10% 2% 192.2±2.3e 0.18±0.01 36.40±0.85e 
MCT 20% 0 294.8±3.0f 0.32±0.03 3.45±0.20a 
MCT 20% 2% 183.9±5.7g 0.08±0.01 48.72±1.52f 
 
A Properties were measured after 3 days of storage (25 °C); B Viscosities were obtained 
at the shear rate of 100 s-1 (25 °C); SO, soybean oil; MCT, medium chain triglyceride; 
MG, monoglyceride; PdI, polydispersity index; Within a column, values with different 
letters are significantly different (p < 0.05). 
 
3.1 Formation of MG Self-Assembled Structures and Flavour Release 
It was reported that in the MG structured oil-in-water gels, MG crystalline structure 
was formed soon after gel preparation (Batte, Wright, Rush, Idziak, Marangoni, 2007). 
In the present O/W emulsion systems, the MG crystalline structure was developed 
gradually. The DSC thermogram (Figure 3-1) showed that only a weak melting peak 
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of MG was present in the emulsion containing 2% MG on D1, which later evolved to 
a big peak after 3 days of storage (D4) and remained stable during the subsequent 
storage (D7). Microfluidization broke oil droplets to submicrometer size and reduced 
the concentration of impurities for nucleation, which was the main reason for the 
lower crystallization rate of MG in emulsion (Sonoda, Takata, Ueno, Sato, 2006). The 
two peaks at different melting temperatures corresponded to the transient α form 
crystal and stable β form crystal (Krog, Sparsø, 2004; Vereecken, Meeussen, Foubert, 
Lesaffer, Wouters, Dewettinck, 2009). 
 
Figure 3-1. Melting behaviours of MG in emulsions (SO: 20% w/w, MG: 2% w/w) 
on day1 (D1), day 4 (D4) and day 7 (D7) (DSC heating rate 5 °C /min). 
 
In the current O/W emulsions, MG crystalline structures were most likely present in 
the oil phase and at the interface. Earlier studies on emulsions containing 
monoglyceride (with other surfactants) reported the existence of crystalline MG in the 
dispersed particles using cryo-TEM (with fast Fourier transform) (Yaghmur, de 
Campo, Sagalowicz, Leser, Glatter, 2003; Yaghmur, de Campo, Sagalowicz, Glatter, 
Michel, Watzke, 2005). The result was also confirmed by small-angle X-ray 
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scattering (SAXS) measurements. The crystalline MG in the oil droplets formed 
hydrophilic domains, with size smaller than 7 nm. This type of emulsion is obviously 
different from a water-in-oil-in-water (W/O/W) double emulsion, as the inner MG 
hydrophilic domains are self-assembly formed. It was also revealed that the shapes of 
crystalline domains in the oil droplets were neither hexosomes nor cubosomes (as 
normally observed in MG-water or MG-oil dispersions), but more circular. Batte, 
Wright, Rush, Idziak, Marangoni, 2007ab) reported MG crystalline structure covering 
oil droplets in MG-oil-water gels (O/W emulsions, with cosurfactant) through 
polarized light microscopy, and they proposed the crystalline structure to be lamellar 
as XRD results indicated. They found that interfacial MG was continuous from one 
droplet to the next, forming a network with oil droplets being trapped. In fact, many 
emulsifiers possibly exist at the interface and in bulk phase. This phenomenon was 
widely reported in studies where a single surfactant was used to stabilize emulsions, 
and unabsorbed surfactant would stay in favourable phase forming micelles or reverse 
micelles (Krog, Sparsø, 2004). Although MG was reported to be able to form 
crystalline structure in water phase (Krog, 2001), it was less likely to happen in the 
current system because MG was first dissolved in the oil phase and MG has very low 
water solubility. With the formation of stable crystalline structures, the emulsions 
presented gel-like behaviours and higher viscosity, which were due to the network of 
MG crystals (Batte, Wright, Rush, Idziak, Marangoni, 2007; Calligaris, Pieve, 
Arrighetti, Barba, 2010). 
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Figure 3-2. Representative releasing curves of the flavours from MG structured 
emulsions (MG: 2% w/w, SO: 20% w/w). The inset picture indicated the linear 
releasing range. Error bars represent standard errors. 
 
Meanwhile, the presence of MG crystalline structure affected the release behaviour of 
flavours incorporated in emulsions. Figure 3-2 illustrates the typical release curves of 
four flavour compounds from emulsions. The release of each flavour followed a linear 
curve (r2 ranging from 0.94 to 0.99) in the beginning stage (from 30 s to 6 min) and 
reached equilibrium within 60 min. The initial headspace concentration (Cinitial) and 
maximum headspace concentration (Cmax) of each flavour in different emulsion 
systems were compared. Figure 3-3A shows the Cinitial of four flavour compounds 
above unstructured emulsions (emulsions without MG) and of structured emulsions 
(emulsions with MG) on D1 and D4. It demonstrates that Cinitial values from structured 
emulsions were significantly lower than those from unstructured emulsions for all of 
the flavour compounds (p < 0.05), and the differentiation was higher for limonene and 
hexanal than for propanol and diacetyl. In the structured emulsions, the flavour 
compounds had lower Cinitial on D4 than on D1, because less crystalline structure was 
formed on D1 as indicated from the DSC result (Figure 3-1). 
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In terms of Cmax, which represents the highest accumulated headspace concentration 
within the incubation period, the four flavour compounds were behaving differently 
(Figure 3-3B). All of the flavours had lower Cmax in structured emulsions than in 
unstructured emulsions, but the differentiations were significantly reduced compared 
with the Cinitial results. In the structured emulsions, diacetyl had significantly lower 
Cmax on D4 than on D1, whereas limonene tended to have higher Cmax on D4. 
Propanol and hexanal had unchanged Cmax values on D4 and D1 (p > 0.05). The result 
was attributed to the polarity of the four flavour compounds (Landy, Pollien, Rytz, 
Leser, Sagalowicz, Blank, Spadone, 2007; Phan, Liao, Antille, Sagalowicz, Robert, 
Godinot, 2008), as limonene had the highest log P value (log P = 4.6), and diacetyl 
(log P = -1.43) had the lowest, with propanol (log P = 0.25) and hexanal (log P = 1.78) 
having intermediate log P values (Haynes, 2011).  
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Figure 3-3. Initial (A) and maximum (B) headspace concentrations (mg/L) of the 
flavours above MG structured emulsions (MG: 2% w/w, SO: 20% w/w) on day1 (D1) 
and day 4 (D4), with those above unstructured emulsions (SO: 20% w/w) as control. 
Different letters above bars indicate significant differences for each flavour compound 
(p < 0.05). Error bars represent standard errors. 
 
The above results indicated that MG structured emulsions could reduce flavour 
release into the headspace, in terms of both the initial burst and total release, although 
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the magnitude varied for different flavour compounds. The findings were also 
reported by Phan et al. (2008), who tested flavour release from sodium 
caseinate-stabilized O/W emulsions structured by 0.25% MG. They found that 
lipophilic and amphiphilic flavours were releasing at lower rates from structured 
emulsions. The maximum instant headspace concentrations of lipophilic compounds 
were significantly lower in structured emulsions. In that study, no significant 
difference in Cmax of structured and unstructured emulsions was found, which was 
probably due to the lower amount of MG added (Phan et al., 2008). To elucidate the 
mechanism of the delayed flavour release in MG structured emulsions, several factors 
can be taken into account. Inside the oil phase, the MG crystalline structure had 
hydrophilic domains (polar tails) with large lipophilic surface (nonpolar tails). This 
self-assembled structure could interact with both lipophilic and hydrophilic flavour 
compounds and, therefore, modify the affinity of flavour molecules for ingredients in 
the emulsion, for example, oil, emulsifier. As a consequence, partition of the flavours 
from oil to water and to headspace could be affected, resulting in variation in 
releasing behaviours (Sagalowicz et al., 2006; Phan et al., 2008). Moreover, the MG 
adsorbed at the interface could strengthen the barrier properties of the interfacial film, 
suggesting a more significant role in restraining the movement of flavours from the 
oil to water phases (Calligaris et al., 2010). Third, increased viscosity of the emulsion 
due to the formation of MG crystals may slow the diffusion of flavour compounds in 
different phases, according to the Stokes–Einstein law (Karaiskou et al., 2008). As 
stated earlier, MG was less likely located at water phase in the current system, so MG 
crystalline structure had bigger influence on the release of more lipophilic flavour 
compounds over the release of more hydrophilic ones. Compared with the reduction 
in Cinitial (by 21% on average for all of the flavours) in structured emulsions (D4), the 
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reduction in Cmax was much lower (by 7% on average), which indicated that MG 
crystalline structure had less effect on the flavour release after a longer time of 
incubation. It is worth pointing out that the interaction between flavour compounds 
and MG could also change MG crystalline structure (affect phase transition), as 
lipophilic moieties of flavour compounds could space the tail of MG structure and 
modify the packing parameter of crystals (Amar-Zrihen, Aserin, Garti, 2011). 
However, the flavour compounds used in this study were in low concentrations, and 
they were not sufficient to induce any change in MG structure. As stable crystalline 
structure was formed on D4, we tested the flavour release behaviour on D4 only in the 
following study. 
3.2 Effect of MG Content on Flavour Release 
Cinitial and Cmax of the four flavour compounds from structured emulsions (D4) 
containing different amounts of MG are summarized in Table 3-2. Inclusion of 0.5% 
MG in the emulsion led to a significant decrease of the Cinitial. Among the different 
flavours, limonene had the highest reduction of Cinitial (by 24.1%), whereas propanol 
had the lowest (by 8.3%). When MG content was increased, a higher reduction of 
Cinitial was observed. The higher the amount of the crystals present, the more flavour 
can be adsorbed (Calligaris et al., 2011). Moreover, the increased level of MG crystals 
can strengthen the gel property and increase the viscosity of the bulk emulsions (Table 
3-1) and then affect flavour release (Calligaris et al., 2008; Mao, O’Kennedy, Roos, 
Hannon, Miao, 2012). However, the Cmax had a trend to increase with the rise of MG 
content in the structured emulsions, although the structured emulsions had lower Cmax 
than the unstructured emulsions. The mechanism of this finding was not well 
understood. It seems that oil itself was the main factor determining Cmax, and in a 
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system with higher MG content, the interaction between flavours and oil was 
weakened. 
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Table 3-2. Initial headspace concentration (Cinitial) and maximum headspace concentration (Cmax) (mg/L) of the flavours above emulsions varying 
in oil types, oil contents(w/w) and MG contents (w/w)  (mean ± SD, n ≥ 3). 
 
Oil 
type 
Oil 
content
MG 
content 
Propanol Diacetyl  Hexanal Limonene 
Cinitial Cmax Cinitial Cmax  Cinitial Cmax Cinitial Cmax 
SO 20% 0 0.52±0.02a 0.83±0.01a 1.76± 0.06a 2.92±0.01a  1.61± 0.06a 2.39±0.01a 0.28±0.01a 0.45±0.01a 
SO 20% 0.5% 0.47±0.04b 0.73±0.01b 1.38±0.10b 2.34±0.02b  1.25±0.08b 1.97±0.02b 0.21±0.01b 0.33±0.01b 
SO 20% 1% 0.44±0.06c 0.75±0.02c 1.37±0.14b 2.56±0.05c  1.19±0.11c 2.12±0.05c 0.18± 0.02c 0.35±0.02c 
SO 20% 2% 0.42±0.01d 0.77±0.01d 1.24±0.03c 2.56±0.04c  1.12±0.03d 2.26±0.03d 0.18±0.01c 0.44±0.03a 
SO 10% 0% 0.42±0.02d 0.66±0.02e 1.50±0.13d 2.65±0.07c  2.23±0.21e 3.44±0.10e 0.40±0.04d 0.53±0.01d 
SO 10% 2% 0.40±0.04e 0.60±0.06f 1.22±0.06c 2.34±0.20b  2.15±0.25f 3.98±0.21f 0.34±0.02e 0.65±0.02e 
MCT 20% 0% 0.44±0.03c 0.74±0.01b 1.48±0.10d 2.64±0.04c  1.00±0.06g 1.59±0.02g 0.18±0.02c 0.26±0.01f 
MCT 20% 2% 0.44±0.04c 0.73±0.03b 1.42±0.13b 2.56±0.10c  0.97±0.01g 1.63±0.06g 0.14±0.01f 0.22±0.01g 
 
SO, soybean oil; MCT, medium chain triglyceride; MG, monoglyceride. 
Within a column, values with different letters are significantly different (p < 0.05). 
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Although flavour compounds in structured emulsions had lower Cinitial and Cmax than 
those in unstructured emulsions, they were released at higher rates during the linear 
releasing stage, and the release rates were higher for emulsions with higher MG 
contents (Figure 3-4). One possible reason is that the difference in flavour 
concentration between headspace and bulk emulsion was higher for structured 
emulsions after the initial burst (lower Cinitial), which drove flavour to the headspace 
more rapidly above structured emulsions. According to the penetration theory, under 
nonequilibrium conditions the driving force for mass transfer across interface would 
be the difference in flavour concentrations between the bulk emulsion and headspace 
(Harrison, Hills, Bakker, Clothier, 1997). An exception to the above conclusion was 
propanol, which had only slightly changed or unchanged release rate in all of the 
emulsions, probably because of its high water solubility. 
 
Figure 3-4. Release rates of the flavours from MG structured emulsions (SO: 20% 
w/w) varying in MG contents, with those from unstructured emulsion as control (SO: 
20% w/w). Different letters above bars indicate significant differences for each 
flavour compound (p < 0.05). Error bars represent standard errors.   
 
Table 3-1 shows that increase of MG content was able to produce emulsions with 
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reported that an emulsifier mixture (MG and Tween 20 in this study) can reduce 
interfacial tension to a higher extent than a single emulsifier used, which can facilitate 
the formation of smaller droplets (Krog, Sparsø, 2004). With regard to the effect of 
droplet size on flavour release, controversial conclusions were found in the literature. 
Some studies reported that smaller droplets can accelerate flavour release because of 
shortened transportation radius (McClements, 2005; Linforth, Martin, Carey, 
Davidson, Taylor, 2002), whereas others argued that smaller droplets with larger 
interfacial area can absorb more emulsifier and then slow flavour release (van Ruth et 
al., 2002; Charles, Lambert, Brondeur, Courthaudon, Guichard, 2000).  However, the 
movement of flavour compounds between dispersed phase and continuous phase was 
generally thought to be very fast (Harrison et al., 1997), especially when droplet size 
was reduced to the submicrometer range. Therefore, it may be difficult to find any 
difference in flavour release from two emulsions with different droplet sizes but at the 
same size scale (Rabe et al., 2003).  
3.3 Effect of Oil Content on Flavour Release 
The Cinitial and Cmax values of the four flavours from emulsions with lower oil content 
(10% w/w) are presented in Table 3-2. When the oil content was reduced from 20 to 
10%, both Cinitial and Cmax increased for limonene and hexanal but decreased for 
propanol and diacetyl, even in the presence of MG crystalline structure. This was 
because in the oil-reduced emulsions, lipophilic compounds had relatively higher 
concentration in the oil phase, whereas hydrophilic compounds had relatively lower 
concentration in the water phase, which led to the opposite modification of the release 
of the four flavours (van Ruth et al., 2003; Guyot et al., 1996; Giroux, Perreault, 
Britten, 2007). Compared with the unstructured emulsions, the structured emulsions 
had much bigger increases of flavour release for limonene and hexanal when the oil 
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content was reduced. Although the Cinitial was still lower in the structured emulsions 
than in the unstructured emulsions, the Cmax was much higher (p < 0.05). It suggested 
that the release-decreased effect of MG crystalline structure was weakened in the 
oil-reduced systems, which, on the other hand, showed the large influence of oil 
content on the release of lipophilic flavour compounds. Compared with emulsions 
with 20% oil content (18% SO + 2%MG or 20% SO), the difference in the effective 
oil content between the structured emulsions (8%) and unstructured ones (10%) was 
magnified in fat-reduced systems, the effect of which overweighed the effect of the 
MG crystalline structure. Second, lower oil content inhibited the formation of gel-like 
property due to the reduced droplet concentration, which may also impair the function 
of the MG crystalline structure (Mao et al., 2012). Correspondingly, the release rates 
of limonene and hexanal in structured emulsions with 10% oil were higher than those 
in emulsions with 20% oil content (Figure 3-5).   
 
Figure 3-5. Release rates of the flavours from MG structured (2% w/w) emulsions 
varying in SO contents, with those from unstructured emulsion (SO: 10% w/w) as 
control. Different letters above bars indicate significant differences for each flavour 
compound (p < 0.05). Error bars represent standard errors.  
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Medium-chain triglycerides (MCTs) are medium-chain (8-10 carbons) fatty acid 
esters of glycerol. They are popular in the functional food industry and are widely 
used as solvents for fragrances. MCT is more hydrophilic than soybean oil (SO), so it 
was assumed that emulsions with MCT would have higher release of more lipophilic 
compounds (Roberts et al., 2003). Nevertheless, both Cinitial and Cmax of the four 
flavours were significantly lower in MCT emulsions than in SO emulsions in most 
cases (p < 0.05), and headspace concentrations of the two lipophilic compounds were 
more affected (Table 3-2). Furthermore, the release rates of the flavours from MCT 
emulsions were lower than those from SO emulsion (Figure 3-6). Similar results were 
found by Rabe et al. (2003), who reported that lipophilic flavour compounds had 
higher release from emulsions containing oils with average carbon number (CN) of 
C14 or C16 than from miglyol-in-water (average CN of C9) emulsions. Another study 
reported no influence on flavour release when replacing milk fat (C16 and C18) with 
MCT in emulsion (Roberts et al., 2003). It seemed that lipophilicity of different oils 
was not the only factor that influenced the affinity of flavours for the oils, or the 
affinity had already been so high that reduction in lipophilicity of the oil did not show 
any effect on it. From a structural point of view, the lower Cinitial and Cmax in MCT 
emulsions can be related to the higher molar fraction of the oil and high saturation 
level of MCT. Rabe et al. (2003) prepared emulsions with the same molarity of the oil 
phase of C16 and C9, but differing in the mass fraction, and they did not observe any 
significant difference in flavour release. In the current emulsion systems, with the 
same amount of oil added, the molarity of MCT was higher than that of SO. Second, 
MCT was made up of saturated fatty acids, whereas SO contained high levels of 
monounsaturated and polyunsaturated fatty acids. Previous studies found that flavour 
release was slower and of lower intensity from a system with more saturated fat than a 
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system with more unsaturated fat (Landy et al., 2007; Welsh, Williams, 1989). As 
neither SO nor MCT was crystallized in the current system, it was suggested that 
different saturation levels of oils may influence MG crystalline structures in the 
emulsions and then influence flavour release. Also, oils varying in nature had different 
capacities to penetrate into the liquid crystalline phase (Kilpatrick, Bogard, 1988).  
 
 
 
Figure 3-6. Release rates of the flavours from MG structured (2% w/w) emulsions 
varying in oil types (SO or MCT: 20% w/w), with those from unstructured emulsion 
(MCT: 20% w/w) as control. Different letters above bars indicate significant 
differences for each flavour compound (p < 0.05). Error bars represent standard 
errors. 
 
Interestingly, in MCT emulsions the difference in the headspace concentrations of 
propanol and diacetyl between structured emulsions and unstructured emulsions was 
very small, which was not the case in SO emulsions. This result could be attributed to 
the higher affinity of the two compounds for MCT, and the release behaviour of these 
two flavour compounds was less modulated by MG crystalline structure.  
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On the basis of static headspace analysis, air-emulsion partition coefficients (KA/E) of 
the four flavour compounds in the emulsions were calculated (Table 3-3). KA/E 
indicates the affinity of the flavour compounds for the emulsion matrix. With the 
same amount of flavours added, limonene had the lowest KA/E value in all of the 
emulsions, whereas diacetyl and hexanal had the highest. It generally followed the 
polarity principle, as flavours with lower log P values tended to partition more into 
the water phase and then to the headspace above the O/W emulsions (Karaiskou et al., 
2008; Landy et al., 2007). Furthermore, flavour compounds with higher vapour 
pressures were likely to distribute more to the headspace. An exceptional case was 
hexanal, which is more nonpolar (lower vapor pressure as well) than propanol, but it 
had a significantly higher KA/E value.  
 
Table 3-3. Air-emulsion partition coefficients (KA/E ×104) of the flavours in O/W 
emulsions varying in oil types, oil contents (w/w) and MG contents (w/w) (mean ± 
SD, n ≥ 3).  
 
Oil 
type 
Oil 
content 
MG 
content 
Propanol Diacetyl Hexanal Limonene 
SO 20% 0 0.99±0.01a 2.89±0.01a 2.86±0.01a 0.51±0.01a
SO 20% 0.5% 0.87±0.01b 2.30±0.02b 2.34±0.03b 0.38±0.01b
SO 20% 1% 0.89±0.02c 2.52±0.05c 2.52±0.06c 0.40±0.02c
SO 20% 2% 0.92±0.01d 2.52±0.04c 2.70±0.06d 0.50±0.04a
SO 10% 2% 0.71±0.08e 2.32±0.25d 4.92±0.26e 0.74±0.02e
MCT 20% 2% 0.87±0.04b 2.52±0.10c 1.93±0.07f 0.24±0.02f 
 
SO, soybean oil; MCT, medium chain triglyceride; MG, monoglyceride; Within a 
column, values with different letters are significantly different (p < 0.05). 
 
In most cases, flavour compounds had lower KA/E in structured emulsions than in 
unstructured emulsions. However, in oil-reduced SO emulsions, hexanal and 
limonene had significantly higher KA/E in structured emulsions. Either increase of MG 
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contents or reduction of oil contents in the structured emulsions can significantly 
increase KA/E of hexanal and limonene, due to the weakened interaction between 
flavours and oil. However, these changes just slightly influenced KA/E values of 
propanol and diacetyl. Additionally, the KA/E can be significantly reduced by changing 
the oil from SO to MCT, especially for hexanal and limonene. These results suggested 
that KA/E values of flavours with higher lipophilicity were more sensitive to the 
change in oil compositions in the structured emulsions. 
4. Conclusion 
This work presented the potential application of MG self-assembled structure to 
control flavour release from emulsions. The results demonstrated that structured 
emulsions can reduce the amount of flavour released to the headspace, more 
dominantly for the lipophilic compounds. For the initial burst of flavours, the MG 
crystalline structure can well modulate the releases, whereas for the total release, 
which was largely dependent on oil content and oil type, the modulation was 
relatively weak. Therefore, when MG self-assembled structure is used to control 
flavour release, the nature and content of the oil phase, as well as the flavour 
properties, should be well considered. Meanwhile, the targeted release profile of the 
products, for example, a weak initial burst of flavour or a prolonged release time 
when consumed, should always be taken into consideration. 
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CHAPTER FOUR 
 
Flavour Release from Whey Protein Isolate-Pectin Multilayer 
Stabilized Emulsions: Effect of pH, Salt, and Artificial Salivas 
 
Published in Journal of Agricultural and Food Chemistry, 2013, 61, 6231-6239 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work contained in this chapter was undertaken and written solely by myself with 
specific contributions from each co-author.  
Chapter four 
 
 
 
127
Abstract 
Whey protein isolate (WPI) and pectin can form a multilayer at oil-water interface 
when they are oppositely charged. In this study, effects of pH, salt, and artificial 
salivas on emulsion stability and flavour release from multilayer emulsions were 
investigated. Results showed that emulsions (0.5% WPI, 10% oil, w/w) with pectin 
content ≤ 0.1% w/w had rapid phase separation at pH 4.0 and 5.0, and emulsions with 
higher pectin content (≥ 0.2% w/w) had good stability. Due to an electrostatic 
screening effect, multilayer emulsions collapsed when subjected to ≥ 150 mM NaCl 
solutions at pH 5.0. When diluted with artificial salivas containing salts, mucin, 
and/or α-amylase, multilayer emulsions showed rapid droplet aggregation. GC 
headspace analysis found that flavours had significantly lower initial headspace 
concentration (Cinitial) in multilayer emulsions, and the Cinitial correlated negatively 
with pectin content in emulsions. Emulsions at pH 7.0 had more flavours released to 
the headspace than emulsions at pH 5.0. However, changes in pectin content and pH 
did not show a significant effect on release rate of most flavour compounds. In 
salt-treated multilayer emulsions, Cinitial and release rates of flavours increased with 
NaCl content. Addition of salivas triggered higher release of hydrophobic flavours 
and lower release of hydrophilic flavours, which was mostly due to dilution effect and 
saliva-induced emulsion instability.  
 
Keywords: multilayer emulsion; pectin; WPI; stability; flavour release; artificial 
saliva 
Chapter four 
 
 
 
128
1. Introduction 
A big majority of foods exist as emulsions, either partly or wholly, such as milk, butter, 
and orange juice. Emulsions consist of two immiscible phases, one of which is 
dispersed in the other as small droplets. Studies on emulsions as delivery systems to 
protect, solubilize, and control the release of functional food ingredients have been 
well reviewed (McClements, Decker, Weiss, 2007; Fustier, Taherian, Ramaswamy, 
2010). Volatile flavour compounds make large contributions to the organoleptic 
properties of foods. Flavour release from an emulsion involves the partitioning and 
mass transfer of the flavour molecules among oil phase, interface, water phase, and 
finally headspace (de Roos, 2000). Change in headspace concentration and release 
rate could affect flavour perception. Successful development of delivery systems with 
controlled flavour release depends on a good understanding of the effects of emulsion 
properties (e.g., droplet size, viscosity) and of environmental stresses on flavour 
release, as well as the interaction between flavour compounds and emulsion 
components. 
Emulsions are thermodynamically unstable systems and are prone to destabilize (e.g., 
coalescence, creaming) during food processing, transportation, or storage. In a 
destabilized emulsion, flavours can release in undesirable ways. Emulsion stability 
against environmental stresses can be improved by strengthening the mechanical 
properties of the interfacial layer by multilayer adsorption at the interface (Guzey, 
McClements, 2006). Multilayer emulsions are generally prepared through a 
layer-by-layer (LBL) electrostatic deposition technique, which consists of two (or 
more) steps of layer formation. A charged emulsifier (e.g., SDS, lecithin, protein) is 
firstly deposited onto the droplet surface during emulsification; then an oppositely 
charged emulsifier or polymer (e.g., protein, polysaccharide) is introduced and 
Chapter four 
 
 
 
129
attracted by the previously adsorbed layer, forming a second layer. Emulsions 
containing oil droplets surrounded by multilayered interface have been reported to 
have better stability against pH change, heating, freeze-thawing cycling, etc. (Ogawa, 
Decker, McClements, 2003; Surh, Gu, Decker, McClements, 2005; O’Regan, 
Mulvihill, 2010). Furthermore, in a multilayer emulsion the outer layer can be 
detached from oil droplets by changing pH, salt concentration, or temperature, thereby 
providing variable encapsulation capacities in response to different environmental 
triggers (Ogawa et al., 2003; Gu, Regnier, McClements, 2005). Encapsulations of 
β-carotene, lemon/orange oil, and fish oil in multilayer emulsions have been 
investigated (Klinkesorn, Sophanodora, Chinachoti, McClements, Decker, 2005; Hou, 
Gao, Yuan, Liu, Li, Xu, 2010; Yang, Liu, Hu, 2011).  
Flavour compounds in food systems are usually more active and sensitive to 
environmental changes, and multilayer emulsions can also be used to mediate their 
release behaviour. In β-lactoglobulin-pectin stabilized emulsions, lipophilic flavours 
could be released at lower rates over wide pH and salt concentration ranges (Benjamin, 
Silcock, Leus, Everett, 2012). When the emulsion was placed in a model mouth, the 
pectin layer hindered the release of lipophilic flavours (Benjamin, Silcock, 
Beauchamp, Everett, 2013). By increasing the concentration of ingredients forming 
the multilayer to a certain level, headspace concentration of flavour compound could 
also be reduced (Yang et al., 2011). When the multilayer emulsion was spray-dried, 
more flavour retention could be obtained (Gharsallaoui, Roudaut, Beney, Chambin, 
Voilley, Saurel, 2012). The main advantages of this type of emulsion are that the 
multilayer could slow down flavour molecule movement across the oil-water interface 
due to enhanced hindrance effect and that the complex layer may adsorb more 
flavours. Moreover, the delayed flavour release could disappear or be weakened when 
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the outer layer is detached. However, literature studies put less emphasis on the 
linkage between structural change of the emulsion and flavour release, particularly at 
adverse environmental conditions, and more profound work is required to understand 
the mechanism. 
In the current study, model whey protein isolate (WPI)-pectin stabilized multilayer 
emulsions were designed with different interfacial structures suitable for flavour 
delivery, and the main objective was to study the release behaviour of flavour 
compounds in these multilayer emulsions under broad environmental conditions. 
Emulsions were subjected to different pH values, NaCl concentrations and artificial 
salivas. Emulsion properties and release behaviour of flavour compounds were further 
investigated and correlated to understand the environmental effects. The knowledge 
obtained from this study may assist the development of novel foods with desired 
flavour profiles via emulsion structural modification. 
2. Materials and Methods 
2.1 Materials 
Apple pectin (degree of esterification, 70-75%; molecular weight, 30-100 kDa) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). WPI (BiPro), which contained 
71% β-lactoglobulin and 12% α-lactalbumin, was kindly offered by Davisco Food 
International (Le Sueur, MN, USA). Sunflower oil was purchased from a local 
supermarket and used without further purification. 1-propanol (> 99.5% purity), 
diacetyl (butane-2, 3-dione, > 99.5% purity), 2-pentanone (> 99% purity), ethyl 
butyrate (> 99% purity), 2-heptanone (> 99% purity) were all products of 
Sigma-Aldrich. Analytical grade sodium azide, sodium chloride, sodium hydroxide, 
sodium phosphate dibasic, citric acid, potassium phosphate monobasic, sodium 
thiocyanate, and urea were also products of Sigma-Aldrich. Analytical grade 
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potassium chloride, sodium sulfate, hydrogen chloride, sodium hydrogen carbonate, 
and calcium chloride were bought from BDH Laboratory Suppliers (Poole, UK). 
Mucin (from porcine stomach, type II), α-amylase (from porcine pancreas, type VI-B, 
22 units/mg solid) were bought from Sigma-Aldrich. 
2.2 Solution Preparation 
WPI and pectin solutions were prepared by adding 1.25% w/w WPI and 0.2, 0.4, 0.8 
or 1.6% w/w pectin into phosphate buffers (pH 7.0), and sodium azide (0.01% w/w) 
was added to prevent the growth of microorganisms. The solutions were kept 
overnight to ensure complete dispersion and dissolution. Stock phosphate buffer 
solutions (pH 3.0-7.0), NaCl solutions (0-400 mM, pH 3.0-7.0), 0.1 M HCl, and 0.1 
M NaOH were also prepared. Deionized water was used to prepare all these solutions. 
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Table 4-1. Constituents and concentrations of artificial salivas used in the study. All solutions were prepared with deionized water and 
used after centrifugation. 
 
S1  S2  S3  S4 S5 
deionized 
water 
 10 mL KCl 89.6 g/L      
10 mL NaSCN 17 g/L    
10 mL KH2PO4 100.6 g/L 
10 mL Na2SO4 129.33 g/L 
20 mL NaHCO3 84.7 g/L 
1.7 mL NaCl 175.3 g/L    
5 mL CaCl2 22.2 g/L      
8 mL urea 25 g/L 
  10 mL KCl 89.6 g/L      
10 mL NaSCN 17 g/L    
10 mL KH2PO4 100.6 g/L 
10 mL Na2SO4 129.33 g/L 
20 mL NaHCO3 84.7 g/L 
1.7 mL NaCl 175.3 g/L    
5 mL CaCl2 22.2 g/L      
8 mL urea 25 g/L      
25 mg mucin 
 
  10 mL KCl 89.6 g/L      
10 mL NaSCN 17 g/L    
10 mL KH2PO4 100.6 g/L 
10 mL Na2SO4 129.33 g/L 
20 mL NaHCO3 84.7 g/L 
1.7 mL NaCl 175.3 g/L    
5 mL CaCl2 22.2 g/L      
8 mL urea 25 g/L     
20 mg α-amylase 
 
 10 mL KCl 89.6 g/L      
10 mL NaSCN 17 g/L    
10 mL KH2PO4 100.6 g/L 
10 mL Na2SO4 129.33 g/L 
20 mL NaHCO3 84.7 g/L 
1.7 mL NaCl 175.3 g/L    
5 mL CaCl2 22.2 g/L      
8 mL urea 25 g/L       
25 mg mucin           
20 mg α-amylase 
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2.3 Artificial Saliva Preparation 
To study the effect of saliva components on flavour release, five artificial salivas with 
different components were prepared (S1-S5, Table 4-1) (Hur, Decker, McClements, 
2009). After being stirred for > 1 h, the salivas were centrifuged at 4000 rpm for 10 
min (4 °C) using a Sorvall Legend RT centrifuge (Kendro, Germany) to remove any 
undissolved substances. The supernatants were collected and stored at 4 °C for future 
use. The pH of all artificial salivas was adjusted to 6.8 ± 0.2 using 0.1 M HCl or 0.1 
M NaOH. 
2.4 Emulsion Preparation 
A primary emulsion was prepared by mixing WPI solution (80% w/w of final 
emulsion) and sunflower oil at 10000 rpm for 2 min using an ULTRA -TURRAX 
(IKA, Staufen, Germany) to form a coarse emulsion, which was further homogenized 
using an M110-EH Microfluidizer with a 75 μm Y-type ceramic interaction chamber 
(Microfluidics International Corp., Newton, MA, USA) at 50 MPa for three passes. 
The homogenization process was performed at room temperature without temperature 
control. The emulsions were immediately cooled to ~ 25 °C using tap water and then 
stored in an incubator at 25 °C for future use.  
For the preparation of multilayer emulsions, pectin solution was added to the primary 
emulsion (1:1), and the mixture was stirred for 1 h. The pH of the mixture was then 
adjusted to 5.0 using 0.1 M HCl. The final multilayer emulsions contained 0.5% WPI, 
10% oil and 0.1-0.8 % pectin w/w, and were stored at 25 °C for future use. 
To study the effects of environmental stresses, primary emulsions and multilayer 
emulsions were pH adjusted (3.0-7.0) using 0.1 M HCl or 0.1 M NaOH and mixed 
with salt solutions (0-400 mM NaCl, 1:1 dilution) and different artificial salivas 
(S1-S5, 1:1 dilution, incubated at 37 °C for 5 min before measurements). The 
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subsequent characterization of emulsion properties was finished within 1 h. All of the 
work was carried out at 25 °C unless otherwise stated. 
2.5 Emulsion Characterization 
Hydrodynamic particle size (z-average) and zeta-potential of emulsions were 
determined by dynamic light scattering using a Zetasizer Nano-ZS90 (Malvern 
Instruments, Worcestershire, UK) at a fixed detector angle of 90°. The refractive 
indices of the particle and water were set at 1.45 and 1.33, respectively. To minimize 
multiple scattering effects, the emulsions were diluted with buffer solutions (same pH 
and salt concentration as the measured sample) to an oil concentration of ~ 0.005% 
w/w prior to each measurement (Ogawa et al., 2003).  
Emulsion stability was evaluated using a multisample analytical centrifuge (Lumifuge, 
LUM GmbH, Berlin, Germany). The principle of the method was detailed in a 
previous study (Mao, O’Kennedy, Roos, Hannon, Miao, 2012). Briefly, emulsion 
samples were transferred to measurement cells and analyzed by a light beam, which 
scanned the cells vertically over the total length. The sensor received light transmitted 
through the sample, which showed a pattern of light flux as a function of the radial 
position at a given time. On the basis of the evolution of the transmission signal, 
emulsion instability could be detected. For example, when creaming occurred, the 
transmission signal at the top of the sample would largely decrease. In this study, 
samples were centrifuged at 1500 rpm and 25 °C with a scanning rate of once every 
10 s. The result was expressed as the integrated transmission percentage against time, 
which reflected the creaming stability, with lower values indicating better creaming 
stability. 
2.6 Flavouring of Emulsions 
A flavour solution was prepared by mixing five flavours in ethanol (5% v/v for each 
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flavour) in gastight vials (2 mL, silicone/PTFE seals) (La-pha-pack GmbH, 
Langerwehe, Germany), and equilibrated by shaking for at least 1 h. Emulsion 
flavouring was then performed by adding flavour solution into emulsions in gastight 
vials (20 mL, silicone/PTFE seals) (La-pha-pack GmbH) to reach a concentration of 
500 mg/L for each flavour. The vials were completely filled to minimize flavour 
losses. The emulsions were stored at 25 °C before headspace analysis. Pre-experiment 
showed that 1 h of storage was enough for the flavour to reach equilibrium among the 
different phases of the emulsions. 
2.7 GC Headspace Analysis 
Headspace concentration of flavours was measured using a Varian CP-3800 gas 
chromatograph (Varian Inc., Palo Alto, CA, USA) equipped with a ZB-5MSi 
capillary column (60 m, 0.25 mm i.d., film thickness = 0.25 μm) and coupled with a 
FID detector. Flavoured emulsion (2 g) was transferred to a 20 mL headspace vial and 
capped immediately (silicone/PTFE seals) (La-pha-pack GmbH). To study the effects 
of environmental conditions, the emulsions were rapidly adjusted to the desired pH or 
mixed with suitable salt solutions or artificial salivas. The vials were incubated at 
37 °C for different times (from 30 s to 20 min) in a Combi PAL autosampler (CTC 
Analytics AG, Switzerland). Pre-experiments showed that sufficient headspace 
concentration was created after 30  s of incubation, and it was chosen as the start 
sampling point. Injections of the headspace (1 mL) were performed using a preheated 
(42 °C) 2.5 mL thermostated gastight syringe (Hamilton, Switzerland) under split 
mode (1:10). Injector and FID temperatures were set, respectively, at 225 and 230 °C. 
The helium carrier gas flow rate was 1 mL/min. The temperature program was as 
follows: 50 °C (4 min), 200 °C at 10 °C/ min rate, 240 °C at 40 °C/min rate (2 min). 
Results were based on triple analyses (Benjamin et al., 2012). 
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In this study, initial headspace concentration (sampling after 30 s of incubation; Cinitial), 
and release rate were adopted to describe flavour release. The kinetics of the flavour 
release were expressed by plotting the headspace concentration of each flavour 
against incubation time. Slopes of the initial linear part of the release curves were 
taken as release rates (mg/L min).  
2.8 Statistical Analysis 
Statistical analysis was performed using OriginPro 7.5. Measurements were repeated 
at least three times. A one-way analysis of variance (ANOVA), followed by Tukey’s 
test, was applied to determine significant differences between the mean values of each 
test. A significance level of p < 0.05 was used throughout the study. 
3. Results and Discussion 
3.1 Formation and Properties of Multilayer Emulsion 
Effect of pH. The pH plays an essential role in the formation of multilayer emulsions 
(Guzey, McClements, 2006). Zeta-potential analysis showed that droplets in primary 
emulsions were negatively charged at pH 7.0 and 6.0 and positively charged at pH 4.0 
and 3.0 (Figure 4-1A). Pectin carries only negative ions regardless of the pH of the 
solution. With the addition of pectin, emulsion droplets could have different charge 
signs and magnitudes from those in the primary emulsion. Specifically, at pH 5.0, 4.0, 
and 3.0, droplets carried more negative charge in emulsions with higher pectin content, 
and the magnitude of the charge decreased with decreasing pH. In emulsions with 0.4% 
and 0.8% pectin, the droplets were negatively charged throughout the pH range 
studied (pH 7.0 to 3.0). The results indicate that a pectin layer was formed at droplet 
surface at pH 5.0, 4.0, and 3.0. The formation of the pectin layer was driven by 
electrostatic forces, as WPI and pectin were thought to be oppositely charged at pH 
below the isoelectric point (pI) of WPI.  
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Figure 4-1. Effect of pH on the properties of emulsions (0.5% WPI, 10% oil, w/w) 
with different pectin contents. A: zeta-potential B: stability map based on Lumifuge 
test. Filled symbols, emulsions unseparated after stability test (level of droplet 
aggregation: ■ < ● < ▼). Open symbols, emulsions separated after stability test 
(creaming rate: ▽ < ○ < □).  
 
When the pH of the emulsions was lowered from 5.0 to 3.0, the protein layer had 
higher positive charge and more pectin was adsorbed. However, at neutral pH 7.0 and 
6.0, addition of pectin to primary emulsion did not present a significant effect on the 
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charge intensity, as pectin and WPI were both negatively charged. It is worth pointing 
out that although WPI-pectin interaction could also occur at neutral pH through 
hydrogen bonding, hydrophobic, and/or electrostatic attraction, etc., these forces were 
relatively weak (Dickinson, 2011). 
  
Table 4-2. Effect of pH on the hydrodynamic particle size (nm) of emulsions (0.5% 
WPI, 10% oil, w/w) with different pectin contents (mean ± SD, n ≥ 3). 
 
Pectin content 
(%, w/w) 0 0.1 0.2 0.4 0.8 
pH7.0 205.8 ± 2.5 197.1 ± 1.9 204.3 ± 4.5 202.9 ± 5.6  257.0 ± 9.9  
pH6.0  216.7 ± 0.5  228.3 ± 4.8 238.6 ± 6.9 230.1 ± 3.7  318.2 ± 10.6 
pH5.0  —a   —    1068.3 ± 25.1  630.7 ± 14.9  440.6 ± 8.4 
pH4.0 —   —  — 348.2 ± 5.6  374.8 ± 15.7 
pH3.0  230.2 ± 3.0  730.3 ± 51.3  — —  394.0 ± 13.0 
 
a: particle size was not reported as severe droplet aggregation formed and the size was 
beyond the measurement limit. 
 
The droplet size of the emulsions was influenced by both pectin content and pH 
(Table 4-2). For some emulsions with lower pectin contents, severe droplet 
aggregation occurred at pH 5.0 and 4.0, as the droplets were poorly charged (WPI has 
an isoelectric point of 4.0 < pH < 6.0). Meanwhile, emulsions differing in pectin 
content allowed contrasting stability determined by Lumifuge (Figure 4-1B). The 
primary emulsions were unstable at pH 5.0 and 4.0, and phase separation induced by 
rapid droplet aggregation was observed soon after the start of the stability test. 
Addition of 0.1 % pectin into the emulsion showed no improvement in emulsion 
stability. When pectin content was higher than 0.2%, the emulsions showed better 
stability against lower pH. For example, at 0.8% pectin multilayer emulsions were 
very stable at pH 5.0, 4.0, and 3.0, and no creaming was detected. Steric hindrance 
between droplets was mainly responsible for the stability of multilayer emulsions 
(Guzey, McClements, 2006). Adsorption of protein-polysaccharide complex at 
interfaces could increase interfacial viscosity, creating a gel-like structure surrounding 
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the oil droplets and preventing droplet aggregation (Tokaev, Gurov, Rogov, 
Tolstoguzov, 1987). The stability map also showed that emulsions were unstable at 
neutral pH with the addition of pectin (≥ 0.2%), which was induced by depletion 
flocculation as most pectin was present in the continuous phase (Guzey, McClements, 
2006). It should be noted that the stability test was conducted within a centrifuge field, 
and the destabilization process was well accelerated. In fact, multilayer emulsions at 
neutral pH did not show creaming in the initial 48 h. The multilayer emulsions formed 
at pH 5.0 were chosen for the rest of the study (response to environmental conditions), 
to expand the use of WPI at pH close to its pI value. 
Effect of Salt. Primary emulsions and multilayer emulsions were subjected to salt 
solutions with a range of NaCl concentrations, and emulsion properties were greatly 
modified (Figure 4-2). Interfacial charge (absolute value) of the emulsions decreased 
with the increase of salt content (primary emulsion and multilayer emulsion with 0.1% 
pectin were at pH 3.0, and the other emulsions were at pH 5.0, as the two former 
emulsions were unstable at pH 5.0), which was caused by the “electrostatic screening” 
effect. Adsorption of either Na+ or Cl- onto the interface neutralized some of the ions 
from pectin or WPI, resulting in reduced interfacial charge (McClements, 2005). 
Consequently, severe droplet aggregation occurred at salt concentration > 100 mM 
(data not shown).  
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Figure 4-2. Effect of salt content (0-200 mM) on the properties of emulsions (0.5% 
WPI, 10% oil, w/w) with different pectin contents. A: zeta-potential (primary 
emulsion and multilayer emulsion with 0.1% w/w pectin were at pH 3.0; multilayer 
emulsions with pectin content from 0.2 to 0.8% w/w were at pH 5.0) B: emulsion 
stability (pectin content 0.5% w/w, pH 5.0). The slope of the integral 
transmission-time curve is an indicator of creaming stability. The higher the slope, the 
lower the stability was. 
 
Stability tests showed that when multilayer emulsions were subjected to 150 or 200 
mM NaCl solutions, optical transmission drastically increased to the peak level in the 
first 10 min and remained almost unchanged thereafter, suggesting rapid phase 
separation at the beginning of centrifuging. In emulsions subjected to 100, 50, or 0 
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mM NaCl solutions, a slight increase of transmission signal was observed after 4 h 
test, and no phase separation occurred. The mechanism of salt-triggered emulsion 
instability is well understood (McClements, 2005). The electrostatic screening effect 
reduces the repulsion forces between droplets, and the resulting surface charge is not 
sufficient to overcome the attraction forces (e.g., van der Waals, hydrophobic forces), 
leading to droplet association. Second, salt ions could decrease the thickness and 
increase the porosity of WPI-pectin double layer by weakening the interaction 
between the two layers (Steitz, Leiner, Siebrecht, von Klitzing, 2000). It has been 
reported that in protein-stabilized emulsions the surface concentration of protein may 
increase because salt can reduce the repulsion force between adsorbed and unabsorbed 
protein (Steitz et al., 2000). In a multilayer emulsion, this phenomenon may be 
hindered by the presence of the pectin layer. Some studies reported that multilayer 
emulsions had better stability against higher salt concentration (or ion strength) than 
primary emulsions (Surh et al., 2005; Gu et al., 2005), whereas in the current study 
primary emulsions had better stability. The contradiction could be due to the different 
pH chosen for the stability test (pH 3 or 4 used in the literatures). 
Effect of Artificial Salivas. Liquid foods, for example, emulsions, normally stay in 
the mouth for only several seconds before swallowing. During their residence, 
emulsion properties could be influenced by salivas. The influences include saliva 
dilution, heating or cooling, and interactions between saliva components (salts, 
enzymes, biopolymers, etc.) and emulsion components (Vingerhoeds, Blijdenstein, 
Zoet, van Aken, 2005; Silletti, Vingerhoeds, Norde, van Aken, 2007; Sarkar, Goh, 
Singh, 2009). When multilayer emulsions were subjected to different artificial salivas, 
significant changes in interfacial charge of the droplets were first observed (Figure 
4-3A). Droplets in emulsions diluted with salivas (1:1) containing salt, mucin, and/or 
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α-amylase (S2-S5) had about 50% intensity of the zeta-potential of the droplets in 
undiluted emulsions. The lowest magnitude of surface charge was found in S2 (salt 
alone) treated emulsion. Dilution with S1 (water alone) did not change the 
zeta-potential significantly (p > 0.05), and the pH of the emulsion remained 
unchanged (data not shown). Emulsions diluted with other salivas (S2-S5) had 
significantly higher pH (~ 7.0) than the original multilayer emulsion (pH 5.0). This 
suggested that salt, mucin, and/or α-amylase in S2-S5 were the main factors 
influencing droplet charge. As stated earlier, salt produced an electrostatic screening 
effect and reduced the magnitude of interfacial charge. pH neutralization led to partial 
detachment of pectin from the interface, resulting in even lower charge density. A 
small quantity of the proteins (α-amylase and mucin) in the salivas could be attracted 
by positively charged patches of the interfacial layer (Sarkar et al., 2009), which was 
responsible for the higher magnitude of the zeta-potential of S3-S5 diluted emulsions.  
Figure 4-3B shows that S5 diluted emulsion was the least stable, followed by S3, S4, 
and S2 diluted emulsions. The instability of these emulsions originated from droplet 
flocculation (Singh, Sarkar, 2011). Pre-experiment microscopic observations showed 
that undiluted multilayer emulsion had small droplets with fine distribution. In saliva 
diluted systems, some droplets aggregated and many bigger droplets were observed.  
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Figure 4-3. Effect of different artificial salivas on the properties of multilayer 
emulsions (0.5% WPI, 10% oil, 0.8% pectin, w/w, pH 5.0). A: zeta-potential B: 
emulsion stability. The slope of the integral transmission-time curve is an indicator of 
creaming stability. The higher the slope, the lower the stability was. Composition of 
each saliva was presented in Table 4-1. 
 
3.2 Flavour Release from Multilayer Emulsion 
In response to environmental conditions, the release behaviour of flavours could be 
well modified. The modification was closely linked to emulsion properties. In this 
part of the study, the release behaviour of 1-propanol, diacetyl (butane-2, 3-dione), 
2-pentanone, ethyl butyrate, and 2-heptanone was tested. The selection of these 
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compounds was based on their physicochemical properties, including the chain length, 
function group, volatility, polarity, etc. The initial headspace concentration (Cinitial) 
and the release rate provide information about the temporal release of flavour 
compounds and were used to describe flavour release from emulsions under different 
pH, salt concentrations, and artificial salivas. 
Effect of Pectin Content. Cinitial and release rates of the flavours from the primary 
emulsion and the multilayer emulsions are presented in Figure 4-4. Flavours in the 
multilayer emulsions had lower Cinitial than those in the primary emulsion, more 
significantly for ethyl butyrate and heptanone (Figure 4-4A). With the increase of 
pectin content from 0.4 to 0.8%, a higher decrease of headspace concentration 
occurred. Multilayer emulsion has an interfacial film with higher thickness and 
stronger mechanical properties, which could retard mass transfer of flavour molecules 
across the oil-water interface. Second, higher viscosity of multilayer emulsions 
slowed flavour diffusion between different phases (Hansson, Andersson, Leufven, 
2001; Karaiskou, Blekas, Paraskevopoulou, 2008). In pectin-water systems, flavours 
could also be trapped in the pectin gel network (Guichard, Issanchou, Descourvieres, 
1991). Third, both pectin and protein (adsorbed or unabsorbed at the interface) were 
able to adsorb flavours. WPI (or β-lactoglobulin) could bind ketones (Andriot, 
Harrison, Fournier, Guichard, 2000; O’Neill, Kinsella, 1987), esters (Pelletier, 
Sostmann, Guichard, 1998), or aldehydes (Guichard, Langourieux, 2000) through 
hydrophobic interaction or covalent binding (Lubbers, Landy, Voilley, 1998; Wu, 
Pérez, Puyol, Sawyer, 1999; Tavel, Andriot, Moreau, Guichard, 2008).  The former 
occurred in the hydrophobic pocket (the central calyx) of the protein (Wu et al., 1999), 
and the latter could happen at protein surfaces (Lübke, Guichard, Le Quéré, 2000). In 
pectin-containing systems, many flavours had lower headspace concentration. The 
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interaction between flavour compounds and pectin could proceed through van der 
Waals interaction between the alkyl patch of a flavour molecule and the hydrophobic 
region of pectin (Maier, 1970). Besides, hydrogen atoms in the undissociated carboxyl 
group of pectin could interact with unshared electron pairs of heteroatoms and oxygen 
atoms of flavour molecules via hydrogen bonding (Braudo, Plashchina, Kobak, 
Golovnya, Zhuravleva, Krikunova, 2000). Due to the unfolded conformation of 
protein and the competitive binding of flavours by protein and pectin, protein at the 
multilayered interface could attract fewer flavour compounds than the protein at the 
single-layered interface (Burova, Grinberg, Golubeva, Mashkevich, Grinberg, 
Tolstoguzov, 1999). The different Cinitial values of flavours in the two multilayer 
emulsions were mostly due to the difference in pectin content, mainly the unabsorbed 
part. The droplets in the two multilayer emulsions possibly had the same amount of 
pectin covered, as they had significantly the same zeta-potential. However, the pectin 
layers may spread differently (due to different interfacial areas) and thus differ in 
compactness and porosity. 
Interestingly, addition of pectin did not produce a significant effect on the release rate 
of most flavour compounds (Figure 4-4B). In Benjamin et al.’s (2012) study, 
hydrophobic compounds were releasing at lower rates in the primary emulsion, and 
the author attributed the result to the hindering diffusion effect of large particles in the 
monolayer emulsion. This hypothesis could be applicable to the current system, as the 
droplet size of the primary emulsion (droplet aggregates) was several times bigger 
than that of multilayer emulsion (Table 4-2). Due to the shortened transportation 
radius of submicrometer particle, flavours were moving faster in multilayer emulsions 
(Linforth, Martin, Carey, Davidson, Taylor, 2002), and this effect could counteract the 
barrier effect of the formed multilayer. 
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Figure 4-4. Flavour release from emulsions with different pectin content (0.5% WPI, 
10% oil, w/w, pH 5.0). A: initial headspace concentration (sampling after 30 s of 
incubation at 37 °C). B: release rate (samples were incubated at 37 °C  before each 
measuring point). 
 
Effect of pH. When multilayer emulsions were pH adjusted (to pH 7.0), different 
release behaviours of the flavours were observed (Figure 4-5). All the flavours had 
significantly increased Cinitial after pH adjustment, more prominently for lipophilic 
flavours, that is, pentanone, ethyl butyrate, and heptanone (Figure 4-5A). At pH 7.0, 
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both pectin and WPI are negatively charged (Guzey, McClements, 2006), and the 
interaction between these two ingredients is weakened. A considerable amount of 
pectin could detach from the interface, and the remaining pectin could pack in a loose 
style. Modification of pH could also influence the porosity of the multilayer at the 
interface of nanoparticles (Sukhorukov, Antipov, Voigt, Donath, Mohwald, 2001). 
Therefore, flavour molecules would move more freely across the interface at pH 7.0. 
As lipophilic flavours were largely distributed inside the oil droplets, their release 
behaviour was great affected due to modification of the interfacial properties. In 
comparison with flavour release from primary emulsions (pH 7.0) (data not shown), 
flavour release from the pH-adjusted multilayer emulsion was at a significantly lower 
level, which could be due to the interaction between flavour compounds and pectin 
(adsorbed or unabsorbed). Moreover, a change of pH may alter the tertiary structure 
of protein and the pK value of each flavour compound, which could also modify the 
release behaviour of flavours (Jouenne, Crouzet, 2000; Bennett, 1992). In this study, 
change of pH did not show a significant effect on the release rates of flavours, with 
the exception of diacetyl (Figure 4-5B), which was released at lower rates in 
emulsions at pH 7.0. A similar result for diacetyl was reported in egg yolk or starch 
sodium octenylsuccinate stabilized emulsions, in which an increase of pH from 3.0 to 
9.0 resulted in an enhanced retention of diacetyl (Bortnowska, 2012). The result was 
attributed to the strengthened interaction between diacetyl and the stabilizers through 
electrostatic attraction or hydrogen bonding at higher pH conditions. 
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Figure 4-5. Effect of pH adjustment on the release of flavour compounds from 
multilayer emulsions (0.5% WPI, 10% oil, 0.8% pectin, w/w). A: initial headspace 
concentration (sampling after 30 s of incubation at 37 °C). B: release rate (samples 
were incubated at 37 °C before each measuring point). 
 
Effect of Salt. Although salt plays an important role in flavour perception, the effect 
of salt on flavour release from emulsions has seldom been reported (Benjamin et al., 
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2012; Benjamin et al., 2013). The presence of 100 mM NaCl in the emulsions led to 
significant increases in Cinitial of all the flavours. A further increase of NaCl 
concentration from 100 to 200 mM did not change Cinitial significantly (p > 0.05). 
Meanwhile, all of the flavours had higher release rates in emulsions diluted with salt 
solutions than in undiluted emulsions (Figure 4-6). The phenomenon that addition of 
salt can increase flavour release is called “salting-out”. It is due to the reduction in the 
number of water molecules available to solubilize flavour compounds (Pérez-Juan, 
Flores, Toldrá, 2007). However, in multilayer emulsions salt ions were mostly 
involved in the electrostatic screening effect, and less involved in the salting-out 
effect (Benjamin et al., 2012). WPI-pectin interaction at the interface was weakened 
due to the screening effect, and the interface cannot well retard flavour movement and 
can adsorb less flavour compounds. During the short period of a GC test the salt did 
not induce phase separation, and 100 or 200 mM NaCl had the same effect on flavour 
release. A similar result was reported in a β-lactoglobulin-pectin stabilized emulsion, 
in which increase of salt content from 100 to 500 mM did not significantly influence 
flavour release (Benjamin et al., 2012). It is worth pointing out that the multilayer 
would collapse after a longer time of storage under a higher concentration of NaCl, 
fewer flavours would be retained by the emulsion, and they would have higher release 
rates. 
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Figure 4-6. Effect of NaCl concentration on the release of flavour compounds from 
multilayer emulsions (0.5% WPI, 10% oil, 0.8% pectin, w/w, pH 5.0), 1:1 dilution 
with NaCl solution. A: initial headspace concentration (sampling after 30 s of 
incubation at 37 °C). B: release rate (samples were incubated at 37 °C  before each 
measuring point). 
 
Effect of Artificial Salivas. In the oral cavity, flavour release from emulsions is 
largely influenced by saliva (Hansson, Giannouli, van Ruth, 2003). Apparently, 
dilution with saliva will first disturb the partition and mass transfer of flavours in the 
aqueous and oil phases, leading to different release kinetics. In the current study, three 
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representative artificial salivas (S3, S4, and S5) were tested, and the dilution effect 
was more prominent for flavours with higher hydrophilicity (Figure 4-7). For example, 
in untreated multilayer emulsion diacetyl had a Cinitial of 0.384 mg/L and a release rate 
of 0.097 mg/L min (Figure 4-5, pH 5.0), whereas in S5 diluted emulsion it had a Cinitial 
of 0.178 mg/L and a release rate of 0.029 mg/L min (Figure 4-7). Although salts were 
present in each artificial saliva, the salting-out effect could be masked by the dilution 
effect (Deibler, LavinLinforth, Taylor, Acree, 2001). Compared to buffer- treated 
emulsions, saliva-treated emulsions generated higher release of hydrophobic 
compounds (e.g., pentanone, ethyl butyrate, and heptanone) and lower release of 
hydrophilic compounds (e.g., diacetyl). A similar result was reported in a flavoured 
pectin gel system and could be attributed to the increased hydrophilic properties of the 
system when diluted with artificial salivas (Boland, Buhr, Giannouli, van Ruth, 2004). 
The proteins (mucin, α-amylase) in the salivas were likely to bind larger, more 
hydrophobic compounds, which then reduce the headspace concentration of these 
flavours (van Ruth, Grossmann, Geary, Delahunty, 2001). However, this trend was 
not observed in the current study, possibly because the interactions were rather weak 
or the trend was masked by rapid flavour release triggered by emulsion instability. 
Emulsion diluted with S5 underwent the highest droplet flocculation and most rapid 
phase separation, which could account for the highest release of flavours from S5 
diluted emulsion. It should be noted that in the oral cavity, air flow, temperature, 
tongue movement, and other factors can also affect flavour release (Salles et al., 2011). 
A more complicated mouth model or in vivo study could be considered for future 
study to better understand oral release behaviour.   
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Figure 4-7. Effect of artificial salivas on the release of flavour compounds from 
multilayer emulsions (0.5% WPI, 10% oil, 0.8% pectin, w/w, pH 5.0), 1:1 dilution 
with saliva. A: initial headspace concentration (sampling after 30 s of incubation at 
37 °C). B: release rate (samples were incubated at 37 °C before each measuring point). 
S3 contained a mixture of salts and mucin. S4 contained a mixture of salts and 
α-amylase. S5 contained a mixture of salts, mucin and α-amylase. Detailed 
composition of each saliva can be found in Table 4-1. 
 
4. Conclusion 
This work presented the application of WPI-pectin multilayer stabilized emulsions as 
delivery systems for flavour compounds under different environmental conditions. 
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The results demonstrate that multilayer emulsions can reduce the amount of flavours 
released to the headspace, especially the initial release. The ability of multilayer 
emulsions to mediate flavour release was highly affected by emulsion properties. 
When a compact second layer was formed over the preabsorbed WPI layer, the 
interface could well retard flavour movement and adsorb more flavour compounds, 
thereby reducing the amount of flavours released to the headspace. Under certain 
conditions, such as neutral pH, a high concentration of salt, or salivas, the interaction 
between the two layers could be weakened. It then resulted in thinner interfacial film 
and detachment of pectin, and flavour release could proceed more freely. This 
provides an option to get the desired flavour profile of certain foods by interfacial 
engineering under controlled environmental conditions.    
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Study on the Rheological Properties and Flavour Release of Cold-Set 
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Abstract 
Emulsion filled protein gels (EFP gels) were prepared through a cold-set gelation 
process, and they were used to deliver flavour compounds. Increase of whey protein 
isolate (WPI) content from 4 to 6% w/w did not show significant effect on the 
gelation time, whereas increase of oil content from 5 to 20% w/w resulted in earlier 
onset of gelation. Gels with higher WPI content had higher storage modulus and water 
holding capacity (WHC), and they presented higher force and strain at breaking, 
indicating that a more compact gel network was formed. With the increase of oil 
content, a higher storage modulus and force at breaking of the gels was noted. 
However, this increase did not affect WHC of the gels, and gels with higher oil 
content became more brittle giving decreased strain at breaking. GC headspace 
analysis showed that flavours released at lower rates and had lower air-gel partition 
coefficients in EFP gels than those in ungelled counterparts. Gels with higher WPI 
content also exhibited lower release rates and partition coefficients of the flavours. 
Change of the oil content significantly modified the partition of flavours at 
equilibrium, but it produced minor effect on the release rate of flavours. The findings 
indicated that EFP gels could be potentially used to modulate flavour release by 
varying the rheological properties of the gel network. 
 
Keywords: emulsion; protein gel; rheology; flavour; release rate; partition coefficient 
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1. Introduction 
An emulsion filled protein gel (EFP gel) is a protein gel matrix within which emulsion 
droplets are embedded. Commercial products of EFP gels include yoghurt, some 
reformulated meat products (e.g., sausage), etc. (Dickinson, 2012). In EFP gels 
protein plays dual roles as an emulsifier to stabilize emulsions, and as a gelling agent 
to develop a gel network. The emulsion droplets act as active fillers, whose interfacial 
protein interacts not only with protein covering neighbouring droplets, but also with 
the protein gel matrix in the continuous phase. Microstructural observations 
confirmed that oil droplets became an integral part of the gel network (Aguilera, 
Kinsella, Liboff, 1993).  
Protein gels (including EFP gels) are traditionally obtained through heat treatment (> 
65°C) (heat-set gels), which causes protein unfolding and exposure of hydrophobic 
residues. The unfolded protein then self-aggregates into a three-dimensional network 
with water entrapped by capillary forces (Twomey, Keogh, Mehra, O’Kennedy, 1997). 
The aggregation process is mainly driven by hydrophobic attractions between exposed 
non-polar regions of the folded protein molecules. Under some circumstances, 
covalent cross-linking, hydrogen bonds, and ionic bonds can reinforce the aggregation 
(Twomey et al., 1997; Chen, Dickinson, 1998; Raikos, 2010). However, heat 
treatment can lead to losses of some nutrients, e.g., vitamins, which limits the gel 
applications to those formulations which do not contain heat-sensitive ingredients. 
Therefore, cold-set gelation methods have been developed to overcome this limitation, 
e.g., acidification, salt addition, enzyme treatment (Dickinson, 2012). The cold-set 
processes mainly consist of two steps: 1) Pre-heating. Unlike heat-set processes, no 
gelation takes place during the pre-heating stage, and the unfolded protein remains in 
a soluble status (Alting et al., 2004). 2). Gelation. Acidifier (e.g., glucono-δ-lactone), 
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salt (e.g., CaCl2), or enzyme (e.g., transglutaminase) is added to induce gelation 
(Alting et al., 2004; Kuhn, Cavallieri, Cunha, 2011; Dickinson, Yamamoto, 1996). For 
the preparation of EFP gels, emulsification is performed to make O/W emulsions 
using the pre-heated protein solution before gelation. In cold-set processes, it is not 
required to heat the final products, and gelation can occur after addition to a food 
matrix. Moreover, cold-set gelation mostly requires less energy input. With these 
advantages, cold-set gelation has considerable potentials in the food industry.  
Previous studies on EFP gels are mainly concerned with the rheological properties of 
gels, either through small deformation oscillatory shear test, or through large 
deformation fractural test (Dickinson, 2012; Kim, Renkenma, van Vliet, 2001; Sala, 
van Vliet, Cohen Stuart, van Aken, van de Velde, 2009). The classical Van der Poel 
theory and its extended theory revealed that the reinforcement effect of the active 
filler (i.e., oil droplets) was primarily dependent on the volume fraction of the fillers, 
though the effect of droplet properties (e.g., droplet distribution, droplet shape) was 
also important (Sala et al., 2009; van der Poel, 1958; van Vliet, 1988). Extensive 
studies on the rheological properties of EFP gels found that protein concentration, oil 
concentration and heating temperature and time are the main determinants of gel 
properties. Other factors having less effect include pH, ionic strength, gelation 
temperature, etc. (Ye, Taylor, 2009; Foegeding, Bowland, Hardin, 1995). 
Microstructure affects not only the mouthfeel of a gelled food, but also the release 
behaviour of the volatile flavour compounds incorporated (Baines, Morris, 1987; 
Boland, Delahunty, van Ruth, 2006). Although flavour release is largely determined 
by the nature of flavour compounds and the binding to other ingredients (particularly 
oils) (Guichard, 2002), it is not a versatile or practical way to control flavour release 
by changing the compositions of a specific food. Therefore, modifying food 
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microstructure provides potential alternatives to more effectively control flavour 
release in functional foods, e.g., low-fat, low-sugar food. Previous studies either on 
pure gels (e.g., pectin gels, protein gels, carrageenan gels) or mixed gels (e.g., 
starch-carrageenan gels, pectin-gelatin gels) have shown that the gel structure affects 
flavour release from food (Boland et al., 2006; Juteau-Vigier, Atlan, Deleris, 
Guichard, Souchon, Trelea, 2007; Hansson, Giannouli, van Ruth, 2003; Linforth, 
Pearson, Taylor, 2007), and gels with stronger texture had weakened flavour profile 
(Boland et al., 2006; Kälviäinen, Roininen, Tuorila, 2000). In EFP gels, oil droplets 
are immobilized in a viscoelastic gel network, with slowed rates of diffusion and mass 
transfer of flavour molecules. When the gel network collapses under mechanical 
forces (e.g., chewing), flavour release can be accelerated (Hansson et al., 2003). 
Therefore, EFP gels can behave as flavour carriers to control flavour release and 
target delivery. Although biopolymer gels have long been used as delivery systems for 
functional ingredients, they differ from EFP gels in physicochemical properties and 
functional values. Among few studies conducted, Lee, Choi, Woon (2006) reported 
that flavour retention ranged from 60 to 100% in EFP gels and from 5 to 25% in 
emulsions when stored at 37 °C for 72 h.  
In the current study, cold-set EFP gels were prepared through acidification by 
glucono-δ-lactone (GDL), and different flavour compounds were incorporated into 
the gels. The main objective of the study was to understand the release behaviour of 
flavours in EFP gels with different rheological properties by adjusting the protein and 
oil content. As protein gels are sometimes used as fat replacers in food 
(Sandoval-Castilla, Lobato-Calleros, Aguirre-Mandujano, Vernon-Carter, 2004), 
another goal was set to explore the possibility of reducing flavour release in low-oil 
content gels with strengthened gel network.  
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2. Materials and Methods 
2.1 Materials 
WPI (BiPro), which contained 71% β-lactoglobulin and 12% α-lactalbumin, was 
bought from Davisco Food International (Le Sueur, MN, USA). Sunflower oil was 
purchased from a local supermarket and used without further purification. 
Glucono-δ-lactone (GDL), sodium azide, 1-propanol (> 99.5% purity), diacetyl (> 
99.5% purity), 2-pentanone (> 99% purity), hexanal (> 99% purity), 2-heptanone (> 
99% purity), Nile red, and fast green were all products of Sigma-Aldrich (St. Louis, 
MO, USA).  
2.2 Preparation of EFP Gels 
EFP gels were prepared following the method described by Sok Line, Remondetto, 
Subirade (2005) with some modifications. Briefly, WPI suspension was prepared by 
dispersing the powdered WPI in deionized water and the mixture was stirred 
overnight to ensure complete dissolution. Sodium azide (0.01% w/w) was added to 
inhibit microbial growth. The solution was then heated at 85 °C for 30 min in a water 
bath, followed by rapid cooling ~ 23 °C with ice-water mixture. Oil-in-water 
emulsion was prepared by mixing the heated WPI solution and sunflower oil at 10, 
000 rpm for 1 min using an Ultra -Turrax (IKA, Staufen, Germany) followed by high 
pressure homogenization (M110-EH Microfluidizer, Microfluidics International Corp., 
Newton, MA, USA) at 50 MPa for three passes. The homogenization process was 
performed at room temperature without temperature control. The emulsions were 
immediately cooled to ~ 23 °C with tap water and stored in an incubator for further 
uses. Droplet size of emulsions were determined by dynamic light scattering using a 
Zetasizer Nano-ZS90 (Malvern Instruments Ltd, Malvern, UK) at a fixed detector 
angle of 90°. The refractive indices of particle and water were set at 1.45 and 1.33, 
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respectively. To minimize multiple scattering effects, emulsions were diluted with 
deionized water to an oil concentration of ~ 0.005% w/w prior to each measurement. 
Intensity mean diameter (nm) based on three repeats was reported. 
To induce cold gelation, GDL (0.5% w/w) was added into the emulsions and 
incubated at 25 °C for 16 h. The evolution of pH of the emulsions during gelation was 
recorded by Cinac (Ysebaert Dairy Division, Frepillon, France). In the measurement, 
the sample tubes with one pH probe in each tube were kept in a water baht (25 °C) 
and the pH values of the samples were recorded every 5 min for 16 h. 
2.3 Characterization of EFP Gels 
Viscoelastic properties. After the addition of GDL, emulsions (~ 15 mL) were 
allowed to form gels in a AR 2000ex rheometer (TA Instruments, Crawley, UK) using 
a concentric cylinder geometry (cup radius = 15 mm, rotor radius = 14 mm). To avoid 
water evaporation a thin layer of tetradecane oil was added to the surface of the 
samples. The samples were oscillated at a strain of 0.5% and a frequency of 1 Hz to 
assure the linear behaviour and measurements were taken every 10 s for 16 h. The 
measurement was performed at 25 ± 0.05 °C, controlled by a Grant GD 120 stirred 
thermostatic circulator (Grant Instruments, Cambridge, UK). The evolution of storage 
and loss modulus (G′ and G′′) of the samples during oscillation was recorded. 
Dynamic strain sweep measurement (strain 0.1 to 300%, frequency 1 Hz) was 
previously carried out to determine the linear viscoelastic range of the gels. Gelation 
time (Tgel), defined as the time point at which the G′-time curve and G′′- time curve 
crossed over, was also reported. The pH value of the emulsion at Tgel was defined as 
gelation pH (pHgel). 
Mechanical properties. A large deformation rheological test was applied to evaluate 
the mechanical properties of EFP gels. The gels were formed in cylindrical plastic 
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beakers (20 mm internal diameter × 35 mm height) for 16 h at 25 °C. The test was 
performed on a TA-HDi Texture Analyzer (Stable Micro System, Godalming, UK) 
with a cylindrical plunger (diameter = 5 mm) and a 5 kg load, operating at a test speed 
of 1 mm/s to a total penetration distance of 10 mm. Three parameters were recorded: 
force at breaking (N), defined as the first significant inflexion point in the 
force-distance curve; strain at breaking (mm), defined as the penetration distance at 
which the force at breaking was recorded; stiffness (N/mm), defined as the initial 
slope of the force-distance curve (Fiszman, Salvador, 1999). The reported results were 
the mean value of eight replicates. 
Water holding capacity (WHC). For WHC determination, EFP gels were formed in 
Nalgene centrifuge tubes (Sigma-Aldrich). The gels were centrifuged at 20000 × g 
(Sorval RC 5B Plus, DuPont Instruments, Connecticut, US) for 30 min at 4 °C, and 
the water released was then drained and the amount of water was calculated. WHC 
was determined as: 
100%T F
T
W WWHC
W
−= × , 
where WT was the total amount (g) of water in the gel and WF was the quantity of 
water (g) released (Yang, Liu, Tang, 2013). Mean of three repeats was reported. 
Microstructure. Confocal scanning laser microscopy was used to observe the 
microstructure of the EFP gels. A thin layer(~2 mm) of the gel was transferred to a 
glass slide and stained with a mixture of Nile red (0.1%, w/v, in distilled water) and 
fast green (0.1%, w/v, in distilled water) at a ratio of 3:1. Confocal observation was 
performed after 5 h of labeling using a Leica TCS SP5® microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). Images of representative areas of each 
sample were taken using a 63 × oil immersion objective (numerical aperture = 1.4) at 
the excitation wavelength of 633 nm provided by He-Ne laser. 
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2.4 Emulsion Flavouring 
Emulsion flavouring was achieved before the addition of GDL, and the procedure was 
described in a previous study (Mao, Roos, Miao, 2013). Briefly, flavour-ethanol 
solution (5% v/v for each flavour) was added into emulsions in gastight glass vials (20 
mL, silicone/PTFE seals) (La-pha-pack GmbH, Langerwehe, Germany) to reach a 
concentration of 500 mg/L for each flavour, and equilibrated for 1h. Two grams of the 
flavoured emulsion was rapidly transferred to a headspace vial (20 mL, silicone/PTFE 
seals) (La-pha-pack GmbH) containing 0.01 g GDL. The vials were stored at 25 °C 
for 16 h before GC headspace analysis.  
2.5 GC Headspace Analysis 
Headspace concentrations of the flavours at different time points were measured using 
a Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, CA, USA) equipped 
with a ZB-5MSi capillary column (60 m, 0.25 mm i.d., film thickness = 0.25 μm) and 
coupled with a FID detector. Headspace vials containing EFP gels were incubated at 
37 °C for different time (from 30 s to 20 min) in a Combi PAL autosampler (CTC 
Analytics AG, Switzerland). Injections of the headspace (1 mL) were performed using 
a preheated (42°C) 2.5 mL thermostated gastight syringe (Hamilton, Switzerland) 
under split mode (1:10). Injector and FID temperatures were, respectively, 225 and 
230 °C. The helium carrier gas flow rate was 1 mL/min. The temperature program 
was as follows: 50 °C (4 min), 200°C at 10 °C/ min rate, 240 °C at 40°C/min rate (2 
min).  
To quantify the concentrations of the flavours in the headspace, calibration curves of 
the tested five flavours were plotted using peak areas obtained from GC analysis 
against 6 known concentrations of each flavour in ethanol. The completely vaporized 
flavour-ethanol solution was analyzed according to the above GC methods. Results 
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were based on triple analysis (Mao et al., 2013). 
2.6 Statistical Analysis 
Statistical analysis was performed using OriginPro 7.5. All of the measurements were 
repeated at least three times. A one-way analysis of variance (ANOVA), followed by 
Tukey’s test, was applied to determine significant differences between the mean 
values of each test. A significance level of p < 0.05 was used throughout the study. 
3. Results and Discussion 
3.1 Characterization of EFP Gels 
The storage modulus (G′) is an indicator of the energy reserved every cycle of 
deformation and its value reflects the elastic or solid-like properties of the tested 
sample, whereas loss modulus (G′′) is a measure of the energy dissipated by the 
sample and is connected with the viscous or liquid-like properties of the sample. 
Figure 5-1 shows the evolution of G′ and G′′ as the gelation process went on after the 
addition of GDL. Change of pH of the emulsion was also recorded. As the graph 
indicates, when the pH of the emulsion decreased to about pH 5.9, G′ and G′′ 
increased dramatically and the G′ value dominated the G′′ value thereafter, indicating 
onset of gelation in the emulsion (Ye, Taylor, 2009; Ruis, Venema, van der Linden, 
2007). The G′ values increased further with a decrease in pH of the emulsion, 
reaching a plateau at around pH 4.7, indicating the formation of an elastic gel at pH 
values below pH 5.0. The increase of G′ over time was attributed to structure 
rearrangements within the emulsion, and a compact gel network was gradually formed 
(Mellema, van Opheusden, van Vliet, 2002). The gelation process mainly took place 
in the first 16 h, as the storage modulus increased slowly after that.   
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Figure 5-1. Evolution of storage modulus (G′), loss modulus (G′′) and pH during the 
cold-gelation of emulsion filled protein gel (5% WPI, 20% oil, 0.5% GDL, w/w). 
Protein solution was preheated at 85 °C for 30 min. 
 
Table 5-1. Effect of WPI content (w/w) on the properties of EFP gels (20% w/w oil). 
Gelation was induced with the addition of 0.5% w/w GDL. 
 
 3%WPI 4%WPI 5%WPI 6%WPI 
Droplet size (nm) 200.4 ± 6.7a 209.7 ± 7.8a 223.6 ± 6.8b 267.0 ± 8.9c 
Tgel (min) 46.1 ± 1.5a 59.4 ± 1.6b 61.3 ± 2.1b 59.4 ± 1.8b 
pHgel 5.91 ± 0.13a 5.80 ± 0.14a 6.02 ± 0.21a 5.94 ± 0.19a 
Force at breaking (N) 0.16 ± 0.01a 0.60 ± 0.02b 1.44 ± 0.08c 2.36 ± 0.16d 
Strain at breaking (mm) 2.57± 0.09a 3.42 ± 0.17b 4.88 ± 0.27c 5.51 ± 0.47d 
Stiffness (N/mm) 0.08 ± 0.00a 0.17 ± 0.01b 0.29 ± 0.01c 0.42 ± 0.01d 
WHCA (%) 67.79 ± 1.50a 95.16 ± 1.74b 97.89 ± 1.2b 100 ± 0.02c 
 
A WHC, water holding capacity. 
Within each row, values with different letters are significantly different (p < 0.05). 
WPI contributed to the majority of the gel network, and change in WPI content 
allowed great variation in physicochemical properties of the EFP gels. Particle size 
analysis showed that the increase of WPI content coincided with an increase of 
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droplet size, and all the emulsions had droplet size < 300 nm with fine droplet 
distribution. The size difference could be attributed to depletion flocculation and 
bridge flocculation induced by the denatured protein in the continuous phase (Euston, 
Finnigan, Hirst, 2000). No significant difference in Tgel was observed in gels with 
WPI content from 4 to 6%. As the evolution of pH was induced by GDL, all of the 
emulsions started gelation at the same pHgel (p > 0.05) (Table 5-1). During gelation, 
the presence of GDL allowed a pH decrease to a value below the isoelectric point of 
WPI, which resulted in reduced repulsion force between protein aggregates and then 
association of the aggregates through non-covalent interactions (Alting, Hamer, de 
Kruif, Visschers, 2000). In gels with higher WPI content, protein interactions and 
packing density increased, leading to strengthened gel matrix with higher G′ (Figure 
5-2). It was also observed that increase of WPI content from 3 to 6% led to about 
3-fold enhancement of the storage modulus. The relationship between protein 
concentration and gel storage modulus follows a power law relation G′ = f (cx) (Clark, 
1992), and the exponent x is calculated from the slope of the log-log relationship 
between storage modulus and protein concentration. The exponent is dependent on gel 
microstructure and gelation conditions (e.g., pH, salt composition) (Clark, 1992; 
Renkema, van Vliet, 2004). For heat-set protein gels (WPI 0.1-10% w/w), the 
constant could reach > 4 (Vreeker, Hoeskstra, den Boer, Agterof, 1992; Boutin, 
Giroux, Paquin, Britten, 2007). In the current cold-set EFP gels with 20% oil, the 
power law constant decreased to 2.6. This change indicated that in EFP gels the 
contribution of protein concentration to the storage modulus was reduced compared to 
that in pure protein gels, which could be a sign of the active role of oil droplets in the 
gel (Boutin et al., 2007). 
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Figure 5-2. Effect of WPI content (w/w) on the evolution of storage modulus (G′) 
during the cold-gelation of emulsion filled protein gels (20% oil, 0.5% GDL, w/w). 
Protein solution was preheated at 85 °C for 30 min. 
 
Visual observation found that the gel with 3% WPI was pourable, reflecting a weak 
network. Gels with higher WPI content presented soft solid-like properties with 
smooth surface and homogeneous cross section. The mechanical properties of gels 
were determined by a texture analyser under penetration test. For all of the gels, an 
increase in WPI content induced an increase in both the force and the strain at 
breaking, suggesting that more rigid gels were formed with higher WPI content (Table 
5-1). This finding was in agreement with published data for cold-set protein gels (Li, 
Kong, Zhang, Hua, 2011; Rosa, Sala, van Vliet, van de Velde, 2006). The stress of the 
gel was due to resistance against deformation of protein network and against 
dispersed oil droplets (Kim et al., 2001). In the more rigid gels, a closer proximity 
among protein chains allowed a more even distribution of applied force against 
breaking down of the gel network. It was also found that the force increased more 
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than proportional with the strain value with the increase of WPI content, suggesting 
that the gels with higher WPI content became more strain-hardening (Kim et al., 
2001). Stiffness calculation reconfirmed the findings, as the value increased with WPI 
content. In line with the visual observation, the gel with 3% WPI presented poor 
mechanical properties (the lowest force at breaking and stiffness). Determination of 
WHC showed that higher WPI content also contributed to higher WHC, although only 
slight difference was found for gels with WPI ≥ 4%. In the gel with 3% WPI, about 
1/3 of the water was lost after a centrifuge test, suggesting weak water-protein gel 
interaction and a less compact gel structure. The above result also showed that WPI 
content ≥ 4% was essential to obtain gels with proper mechanical properties. 
Table 5-2. Effect of oil content (w/w) on the properties of EFP gels (5% w/w WPI). 
Gelation was induced with the addition of 0.5% w/w GDL. 
 5%oil 10%oil 15%oil 20%oil 
Size (nm) 179.4 ± 7.4a 195.0 ± 4.4b 211.3 ± 5.2c 223.6 ± 6.8d 
Tgel (min) 104.3 ± 2.4a 77.0 ± 1.7b 74.3 ± 1.9b 61.3 ± 2.1c 
Force at breaking (N) 1.19 ± 0.07a 1.25 ± 0.06ab 1.32 ± 0.06bc 1.44 ± 0.08cd
Strain at breaking (mm) 8.37 ± 0.61a 7.13 ± 0.52b 5.88 ± 0.52c 4.88 ± 0.27d 
Stiffness (N/mm) 0.13 ± 0.01a 0.16 ± 0.01b 0.21 ± 0.01c 0.29 ± 0.01d 
WHCA (%) 96.66 ± 0.47a 98.31 ± 0.30b 99.16 ± 0.42b 97.89 ± 1.20ab
 
A WHC, water holding capacity. 
Within each row, values with different letters are significantly different (p < 0.05). 
Because oil droplets behaved as active fillers in EFP gels, oil content showed large 
effects on gel properties (Table 5-2). First, higher oil content greatly shortened the 
gelation process. For example, with 5% oil the gelation took place 104.3 min after the 
addition of GDL, while with 20% oil the gelation was observed much earlier (61.3 
min after GDL addition) (Table 5-2). In gels with higher oil droplet concentration, 
more droplet-droplet and droplet-matrix interactions were expected, and the emulsion 
presented elastic properties (G′ > G′′) at a much earlier stage. Second, the maximum 
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rate of increase in G′ and the final G′ were higher for gels with higher oil content 
(Figure 5-3).  
 
Figure 5-3. Effect of oil content (w/w) on the evolution of storage modulus (G′) 
during the cold-gelation of emulsion filled protein gels (5% WPI, 0.5% GDL, w/w). 
Protein solution was preheated at 85 °C for 30 min. 
 
Similar results were reported by Sok Line et al. (2005), who found that the presence 
of 30% oil in the protein network enhanced the storage modulus about 10-fold. The 
findings reconfirmed that oil droplets were acting as space fillers in the gels, and they 
helped to build up gel matrix structure through the interaction between protein 
covering droplets and protein in the bulk phase (van Vliet, 1988). Third, gels with 
higher oil content had higher value of force at breaking and stiffness, although the 
effect was much smaller than that of WPI content. According to Kim et al. (2001), the 
increase of force at breaking with oil content was more significant in gels containing 
smaller droplets. However, such an increase in force was not observed in the current 
study, probably due to the slight deviation in the droplet size of emulsions with 
different oil content. Furthermore, the increased WPI concentration in the water phase 
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(reduced water content due to the increase of oil content) could also contribute to the 
enhancement of the gel texture. The decrease of strain at breaking indicated that the 
gels became more brittle with the increase of oil content. The finding was also 
reported in previous studies (Kim et al., 2001; Rosa et al, 2006; Sala, van Aken, 
Cohen Stuart, van de Velde, 2007). The minor effect of oil content on WHC was 
probably due to the fact that water was mostly bound to protein, and the slight 
increase of rigidity or compactness of the gel did not present profound enhancement 
of WHC. 
From a theoretical point of view, an increase of oil content would result in a decrease 
in both the force and strain at breaking for gels with foreign droplets, as a result of 
stress concentration. Stress concentration can be induced by structure defects in the 
network, e.g., oil droplets in a protein gel network. Due to the inhomogeneity in the 
gel, the gel between droplets is deformed at a higher level than the gel at the surface 
of the droplets under large deformation. The stress concentration between droplets 
triggers gel fracture due to dissociation of gel from the droplets or fracture of the gel 
matrix (van Vliet, Luyten, Walstra, 1993; van Vliet, Walstra, 1995; Luyten, Ramaker, 
van, Vliet, 1992). Therefore, protein gels with higher oil content were more likely to 
break down at lower stress and strain. However, a slight increase rather than a 
decrease in breaking force with oil content was observed in the current study, which 
could be attributed to the viscous properties of the EFP gels. In these gels, viscous 
flow arose due to local yielding in the area where stress was concentrated, and energy 
was dissipated. Furthermore, the viscous nature of the interfacial layer of oil droplets 
in the gels can dissipate energy as well (van Vliet, 1988). Therefore, more force was 
required to break the EFP gels with higher oil content. Another possible reason 
responsible for the slight increase of breaking force was that the slip between droplets 
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and the gel matrix took place at the expense of additional force (Brownsey, Ellis, 
Ridout, Ring, 1987).   
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Figure 5-4 shows representative confocal microscopy images of EFP gels with 
different WPI content and oil content. As the pictures indicate, all of the oil droplets 
(green) had regular spherical shape and they were evenly distributed, with no clear 
droplet aggregation being observed. The images did not show large differences in 
droplet size of different systems, and the droplet size obtained was in well agreement 
with that determined by dynamic light scattering, suggesting that little or no 
coalescence occurred upon gelation. Careful observation of the protein network (red) 
showed variation in gel structures in gels with different compositions. Gel A (5% WPI, 
20% oil) presented a continuous network with evenly distributed small pores, while in 
Gel B (5% WPI, 10% oil) the pores became rather big and they broke the network. By 
contrast, Gel C (3% WPI, 20% oil) did not show a typical gel network but rather a 
network containing only some protein clumps, and individual oil droplets were 
observed. This observation supported the previous finding that both WPI and oil 
contributed to form the gel network, and increase in WPI content or oil content could 
result in gels with higher compactness. 
3.2 Flavour Release from EFP Gels 
Five flavour compounds, i.e., propanol (C3), diacetyl (C4), pentanone (C5), hexanal 
(C6) and heptanone (C7), were incorporated into the EFP gels, and their release 
behaviours were evaluated. The selection of these compounds was mostly based on 
the carbon numbers and polarity of the different compounds. Diacetyl is the most 
hydrophilic one (Log P = -1.43), whereas heptanone is the most lipophilic one (Log P 
= 1.98), with propanol (Log P = 0.25), pentanone (Log P = 0.91), and hexanal (Log P 
= 1.78) in between them (Haynes, 2011). Flavour release from food is mainly 
controlled by two factors, the volatility of flavour compounds (thermodynamic factor) 
and the resistance to mass transfer from a food matrix to the air phase (kinetic factor) 
Chapter five 
 
 
 
177
(de Roos, 2000). The thermodynamic factor determines the retention or partition of 
flavours in the matrix at equilibrium, and the kinetic factor mainly affects the release 
rate of flavours from the foods. The rationale of encapsulating emulsion droplets 
within a protein gel network was to reduce the rate of flavour diffusion from the oil 
droplets to the continuous phase and to the external environment (e.g., headspace, 
saliva), and mass transfer inside aqueous phase, by creating physical barriers in the 
oil-water interface and aqueous phase. Pre-experiments (using the same GC method 
described in Material and Methods) indicated that the flavour compounds had linear 
releases in the initial 6-10 min, and release equilibrium was reached within 20 min. 
The slope of the linear curve was regarded as the release rate of each flavour 
compound. Headspace concentrations at equilibrium were used to calculate partition 
coefficients KA/E (KA/E = CA/CE, CA, CE were the flavour concentrations in the 
headspace and bulk emulsions, respectively).  
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Figure 5-5. Release rates of the flavours in EFP gels (with GDL) and ungelled 
emulsions (no GDL) varying in WPI content (w/w), oil content (w/w), and in the 
emulsion with unheated WPI solution (with 0.5% w/w GDL). Gelation was induced 
with the addition of 0.5% w/w GDL. Samples were incubated at 37 °C before each 
measuring point. Different letters above bars indicate significant differences for each 
flavour compound (p < 0.05). Error bars represent standard errors. 
 
Figure 5-5 shows the release rates of the flavour compounds in EFP gels (with GDL) 
or ungelled emulsions (no GDL). In the systems with 20 or 15% oil, most flavours 
had lower release rates in EFP gels than those in the corresponding ungelled 
emulsions. For example, in the EFP gel with 15% oil and 5% WPI pentanone had a 
release rate of 0.098 ± 0.004 mg/L min, whereas in the ungelled emulsion the release 
rate was 0.141 ± 0.001 mg/L min. Similarly, most flavour compounds had lower KA/E 
in the EFP gels than in the ungelled counterparts (Table 5-3). Therefore, in the EFP 
gels flavour release was at lower rate and of lower intensity. Similar findings were 
also reported in other gel systems. Boland et al. (2006) compared flavour release from 
gelatine gel, pectin gel and starch gel, and found that increasing gel hardness could 
reduce the amount of flavours released to the headspace. Guinard and Marty (1995) 
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reported that firm gels made with gelatin and carrageenan had flavours released with 
lower intensity than soft gels made with the same gelling agents.   
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Table 5-3. Air-gel partition coefficients (KA/E ×104) of the flavours in EFP gels (with GDL) and ungelled emulsions (no GDL) varying in 
WPI content (w/w), oil content (w/w), and in the emulsion with unheated WPI solution (with GDL). Gelation was induced with the 
addition of 0.5% w/w GDL.  
 
Gelled or 
ungelled 
Oil 
content 
(w/w) 
WPI 
content 
(w/w) 
Propanol Diacetyl Pentanone Hexanal Heptanone 
Ungelled 20 5 0.78 ± 0.02a 1.07 ± 0.06a 3.71 ± 0.13a 1.36 ± 0.06a 0.85 ± 0.03a 
Ungelled 15 5 0.82 ± 0.02a 0.84 ± 0.02b 4.59 ± 0.11b 1.54 ± 0.05b 1.26 ± 0.06b 
Gelled 20 5 0.72 ± 0.02b 1.43 ± 0.05c 3.18 ± 0.12c 1.16 ± 0.07c 0.73 ± 0.04c 
Gelled 15 5 0.74 ± 0.02b 1.33 ± 0.04d 3.82 ± 0.13a 1.54 ± 0.05b 1.05 ± 0.03d 
Gelled 15 6 0.67 ± 0.04b 0.70 ± 0.05e 3.31 ± 0.25c 1.00 ± 0.06e 0.88 ± 0.06a 
Not heat treated 20 5 0.84 ± 0.01d 1.75 ± 0.01f 3.86 ± 0.07a 1.36 ± 0.03a 0.90 ± 0.02a 
 
Within each column, values with different letters are significantly different (p < 0.05). 
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The effect of gel network on flavour release could work through two different 
mechanisms. One was the physical entrapment of flavour compounds in the gel 
matrix. It was reported that the presence of an entangled polymer network in a gel 
system could inhibit diffusion and reduce the mobility of small molecules, e.g., 
flavour compounds (Baines, Morris, 1987; Perreault et al., 2010). One may argue that 
the open space in the gel network (e.g., pores) could provide channels for the 
movement of small molecules, and the release of flavours may not be blocked by the 
gel. In fact, Juteau-Vigier et al. (2007) concluded in their study that the structure level 
of carrageenan gel did not show a big influence (less than 20%) on diffusion 
properties of ethyl hexanoate, but they admitted that the mobility of the volatile 
compounds was limited by the matrix organization. In the same study, it was also 
observed that addition of 1% carrageenan induced a 5.3-fold reduction in the diffusion 
coefficient of the volatiles. In EFP gels, flavour compounds, especially the more 
hydrophobic ones, were mostly distributed inside oil droplets which were covered by 
compact protein films. The movement of flavours across the interface could be 
inhibited to a higher level when the protein film gelled and cross-linked with gel 
matrix. The gel matrix may provide additional force to retard the movement of both 
hydrophobic and hydrophilic compounds. 
The second mechanism involved interactions between flavour compounds and gel 
components, which was also responsible for the reduced partition coefficients of ethyl 
hexanoate in the study conducted by Juteau-Vigier et al. (2007) The interactions 
between flavours and protein in the current system could be due to adsorption, 
complexation, and entrapment (Guichard, 2002). WPI (or β-lactoglobulin) can attract 
ketones and esters through hydrophobic interaction or covalent binding (Lubbers, 
Landy, Voilley, 1998; Wu, Pérez, Puyol, Sawyer, 1999; Tavel, Andriot, Moreau, 
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Guichard, 2008). The former attraction occurred in the hydrophobic pocket (the 
central calyx) of the protein (Wu et al., 1999), while the latter could happen at a 
protein surface (Lübke, Guichard, Le Quéré, 2000). According to Harrison and Hills 
(1997), binding reduced the concentration of free flavour compounds in the aqueous 
phase and consequently, the released flavours into headspace. Protein adsorbed at the 
interface can act as a barrier to slow mass transfer of flavours, leading to reduced 
release rate (Harvey, Druaux, Voilley, 1995). For example, the presence of 
β-lactoglobulin at the miglyol–water interface increased resistance to the transfer of 
benzaldehyde across the lipid layer (Rogacheva, Espinosa-Diaz, Voilley, 1999). In 
EFP gels, the interaction between flavours and WPI was strengthened when protein 
was heat-denatured. It was reported that in the heating stage the selected temperature 
and time must yield > 95% of the protein to be aggregated so as to produce a gel with 
appropriate mechanical properties (Alting et al., 2003). Therefore, in EFP gels more 
hydrophobic sites could be present, and they were able to bind flavour compounds. In 
an emulsion with unheated protein (with GDL, weak gel), release rate and partition 
coefficients of the flavours were significantly higher than those in the EFP gel and the 
ungelled emulsion (heat-treated protein, no GDL) with the same compositions (Table 
5-3). This finding could be associated to the newly exposed hydrophobic area in the 
protein structure during heat treatment, which provides additional binding sites for the 
hydrophobic flavour compounds. This deduction contradicted the conclusion made by 
O’Neill and Kinsella (1987), who argued that unfolding of the protein structure 
(chemically modified by urea, sulfate or ethanol) would result in reduced binding 
affinity for hydrophobic compounds. The disagreement could be due to the different 
denaturation methods applied. In fact, O’Neill and Kinsella (1987) found that the 
number of binding sites remained unchanged during denaturation, while the binding 
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sites were believed to increase in the current study. For the more hydrophilic 
compounds, interaction with protein was mainly induced by hydrogen bonding. 
It is well accepted that reduction in oil content can accelerate the release of 
hydrophobic flavour compounds (de Roos, 1997). In the gelled system, the 
acceleration was of much lower level than that in the ungelled system (Figure 5-5). 
Therefore, the EFP gel has the potential to slow flavour release in an oil-reduced 
system. To verify this hypothesis, an EFP gel with lower oil content (15% oil) but 
stronger gel network (higher WPI content, 6%) was made. Static headspace analysis 
revealed that four out of five flavours in the low-oil content gel had either lower or 
unaffected release rate, in comparison with those in high-oil content gel system (20% 
oil, 5% WPI) (Figure 5-5) . In terms of partition coefficients, a similar conclusion was 
made. Propanol, pentanone, and heptanone had similar KA/E values as those in the 
high-oil content gel, and diacetyl and hexanal had lower KA/E values (Table 5-3). 
 
Figure 5-6. Release rates of the flavours in EFP gels varying in WPI content (20% 
w/w oil). Gelation was induced with the addition of 0.5% w/w GDL. Samples were 
incubated at 37 °C before each measuring point. Different letters above bars indicate 
significant differences for each flavour compound (p < 0.05). Error bars represent 
standard errors. 
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To better correlate gel structure and flavour release, further studies were conducted on 
the effects of WPI and oil content on flavour release in EFP gels. Figure 5-6 shows the 
release rates of flavours in EFP gels with different WPI content. Expected decrease of 
release rate with the increase of WPI content was observed when WPI content was ≥ 
4%, and in the 3% WPI EFP gel the flavours presented lower release rates than those 
in the 4% WPI EFP gel. The effect of WPI content on partition coefficients of the 
flavours followed a similar trend, as reduced KA/E values were obtained with the 
increase of WPI content from 4 to 5 and 6%. Similar results were reported in gelatin 
gels and pectin gels, where increase in gelling agent concentration resulted in more 
rigid gels and lower partition coefficients of the flavours (Boland et al., 2006). Along 
with the strengthened volatile-protein interaction, the gel with higher protein content 
provided a more compact network and smaller pores to slow flavour release. Spotti, 
Santiago, Rubiolo, Carrara (2012) found that increase of WPI content from 12 to 16% 
could reduce the pore size of WPI gel from 157 to 63 nm. However, only slight or no 
significant difference in KA/E values was observed for flavours in gels containing 3 
and 4% WPI. The relatively lower release of flavour in the 3% WPI system could be 
resulted from the earlier commencement of the gelation (Table 5-1), and more 
flavours were trapped in the gel network before headspace analysis. Although flavours 
in the EFP gel with 6% WPI showed the lowest release rates and partition coefficients, 
the difference was rather small compared with the release in 5% WPI system. The 
result indicated that both the steric hindrance and flavour-protein bindings in EFP gels 
reached a plateau in 5% WPI system, and they were not linearly increased with further 
increase in WPI content. An exception to the above discussion was diacetyl, whose 
release was significantly inhibited in the 6% WPI system. It could be related to its 
high hydrophilic characteristic, and it was mostly distributed in the continuous 
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aqueous phase. In a system with higher protein content, almost all the water was 
trapped in the network.     
Table 5-4. Air-gel partition coefficients (KA/E ×104) of the flavours in EFP gels (20% 
w/w oil) with different WPI content. Gelation was induced with the addition of 0.5% 
w/w GDL. 
 
WPI content 
(%, w/w) Propanol Diacetyl Pentanone Hexanal Heptanone 
3 0.82 ± 0.02a 1.19 ± 0.02a 3.91 ± 0.10a 1.35 ± 0.03a 0.93 ± 0.01a 
4 0.81 ± 0.01a 1.58 ± 0.01b 3.95 ± 0.06a 1.48 ± 0.04b 0.96 ± 0.03a 
5 0.72 ± 0.02b 1.43 ± 0.05c 3.18 ± 0.12b 1.16 ± 0.07c 0.73 ± 0.04b
6 0.68 ± 0.03b 0.69 ± 0.03d 2.97 ± 0.17b 0.81 ± 0.04d 0.68 ± 0.03b
 
Within each column, values with different letters are significantly different (p < 0.05). 
 
Oils can act as flavour precursors, as solvents for flavour compounds, and as flavour 
release modulators. Changes in oil property or oil content, can lead to significantly 
different flavour releasing profile (de Roos, 2000). The finding obtained in this study 
was in agreement with the well-established knowledge that increases in oil content 
result in decreased release of lipophilic flavour compounds, as flavours would have 
reduced concentration in the oil droplets. In EFP gels, increased stiffness with higher 
oil content in the gels also contributed to inhibit flavour release. Significantly reduced 
partition coefficients of pentanone, hexanal, heptanone with increase of oil content 
were observed in the current gels (Table 5-5). However, the effect on release rate was 
rather small or even insignificant when the oil content was reduced to 5-15% (Figure 
5-7). For example, pentanone had unchanged release rate in EFP gels containing 5, 10 
or 15% oil, and significant reduction of the release rate was only observed when the 
oil content increased from 15 to 20%. The finding suggested that the barrier function 
of the gel network worked better in a low-oil content system, while in gels with higher 
oil content the slowed release by the gel network could not compensate the quick 
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release induced by reduction of oil content. For the hydrophilic flavour compounds, 
i.e., propanol and diacetyl, change of oil content did not show a consistent effect on 
release rates and partition coefficients, and in most situations the effect was 
insignificant.   
 
Figure 5-7. Release rates of the flavours in EFP gels varying in oil content (5% w/w 
WPI).Gelation was induced with the addition of 0.5% w/w GDL. Samples were 
incubated at 37 °C before each measuring point. Different letters above bars indicate 
significant differences for each flavour compound (p < 0.05). Error bars represent 
standard errors. 
 
Table 5-5. Air-gel partition coefficients (KA/E ×104) of the flavours in EFP gels (20% 
w/w WPI) with different oil content. Gelation was induced with the addition of 0.5% 
w/w GDL. 
 
Oil content 
(%, w/w) Propanol Diacetyl Pentanone Hexanal Heptanone 
5 0.74 ± 0.01a 1.39 ± 0.02a 5.85 ± 0.04a 2.66 ± 0.12a 2.68 ± 0.03a 
10 0.80 ± 0.01b 1.00 ± 0.02b 4.82 ± 0.08b 1.92 ± 0.02b 1.71 ± 0.02b 
15 0.74 ± 0.02a 1.33 ± 0.04a 3.82 ± 0.13c 1.54 ± 0.05c 1.05 ± 0.03c 
20 0.72 ± 0.02a 1.43 ± 0.05a 3.18 ± 0.12d 1.16 ± 0.07d 0.73 ± 0.04d 
 
Within each column, values with different letters are significantly different (p < 0.05). 
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4. Conclusion 
The work presented the application of EFP gels as delivery systems for flavour 
compounds. The results demonstrated that EFP gels with higher stiffness can slow 
flavour release from the gels, and reduce the air-gel partition coefficients at 
equilibrium. As the WPI content showed a dominant effect on the rheological 
properties (both small deformation and large deformation properties) of EFP gels, and 
oil content gave a bigger effect on flavour release, producing more rigid EFP gels by 
increasing WPI content provided novel means to inhibit flavour release in oil-reduced 
gels. Therefore, EFP gels could find applications in fat-reduced foods with improved 
flavour profile. However, flavour perception is influenced not only by the released 
flavour but also the food texture, and both of them vary significantly during the eating 
process. To better apply EFP gels to real food systems, further attempts can be made 
to understand the effect of gel breakdown on flavour release and flavour -texture 
interaction on flavour perception, either in vivo or in vitro. 
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CHAPTER SIX 
 
Effect of Maltodextrins on the Stability and Flavour Characteristics 
of Oil-in-Water Emulsions Subjected to Freeze-Thaw Treatment 
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Abstract 
The effect of maltodextrins on the physical stability and flavour characteristics of 
protein stabilized oil-in-water (O/W) emulsions during freeze-thaw treatment has been 
studied. O/W emulsions with and without maltodextrins were subjected to three 
cycles of freeze-thaw treatment, and changes in particle size, creaming index (CI), 
free oil (oiling off), and microstructures were evaluated. Emulsions without 
maltodextrins experienced extensive droplet aggregation, and considerable level of 
creaming and oiling off were observed. Differential scanning calorimetry suggested 
that emulsion destabilization was mainly due to water crystallization in the emulsions. 
Among the three maltodextrins tested, maltodextrin with a dextrose equivalent (DE) 
value of 6 (DE 6) has the highest molecular weight and it offered the emulsion the 
least change in droplet size, CI and oiling off after the temperature processing. When 
flavour compounds were incorporated into the emulsions, the presence of 
maltodextrins modified their release behaviour before and after freeze-thawing. All 
the flavours had lower air-emulsion partition coefficients (KA/E) in emulsions 
containing maltodextrins, and the KA/E decreased with the increase of DE value of 
maltodextrins. In the emulsion without maltodextrins, freeze-thaw treatment resulted 
in lower release of propanol, pentanone, heptanone and higher release of diacetyl and 
hexanal in comparison to the release from controls without freeze-thawing. In 
emulsions with maltodextrins, no significant difference was found in the release of 
propanol, pentanone, heptanone between freeze-thawed emulsions and the untreated 
emulsion (p > 0.05).   
 
Keywords: emulsion stability; freeze-thaw; maltodextrins; flavour release; partition 
coefficients 
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1. Introduction 
Food emulsions are often subjected to freezing, either to improve the shelf life of the 
food (e.g., slow microbial growth, inhibit some chemical reactions), or to produce 
certain types of food (e.g., ice creams, frozen cocktails). Moreover, low temperature 
treatment is beneficial to maintain the nutritional value of the ingredients incorporated 
and the flavour characteristics of the food emulsions. 
Food emulsions are thermodynamically unstable. When frozen emulsions are thawed, 
different types of destabilization take place, which largely alter the functionality of the 
emulsions (McClements, 2005). A typical freeze-thawing destabilized O/W emulsion 
tends to separate into three layers: an upper layer of free oil, an intermediate 
coagulated creamy layer and a lower turbid aqueous layer (Cramp, Docking, Ghosh, 
Coupland, 2004).The destabilization is mainly induced by fat crystallization or ice 
formation (and growth). Fat crystallization triggers emulsion destabilization via a 
mechanism called “partial coalescence”, in which a fat crystal from one droplet 
penetrate into the liquid oil region of a neighboring droplet, and droplet aggregates are 
thus formed. When subjected to thawing, the droplets in the aggregates tend to merge 
and the individual interfacial film disappears, resulting in droplets coalescence and 
subsequent phase separation (Ghosh, Coupland 2008). When the water phase of an 
emulsion is frozen and then thawed, extensive aggregation and oiling off have been 
reported (Ghosh, Coupland, 2008). With the presence of many ice crystals, oil 
droplets are forced much closer and penetration of ice crystals into oil droplets leads 
to the rupture of interfacial membrane (Saito et al., 1999). Moreover, the lower level 
of liquid water in the frozen emulsion results in increased ionic strength, which could 
screen electrostatic repulsion between droplets and promote flocculation. Water 
crystallization can also lead to protein denaturation and emulsifier oversaturation 
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(Carvajal, MacDonald, Lanier, 1999), which then induce phase separation. Other 
studies revealed that emulsifiers can adsorb onto the surface of ice crystals, thereby 
reducing the effective concentration of emulsifiers covering oil droplets (Hillgren, 
Lindgren, Alden, 2002). Although emulsion destabilization is desirable for the 
production of ice cream, butter, etc., higher emulsion stability is essential to guarantee 
quality food in most situations. Emulsions are widely used as delivery systems for 
functional food ingredients (McClements, 2010), and an intact emulsion could be 
essential to better deliver these ingredients and maintain their functionality. Once 
destabilization takes place, the ingredients in the oil droplets are on longer protected 
by the interfacial film and exposed to adverse environment.   
In the food industry, sugars/polyols, e.g., maltose, sucrose, sorbitol, are widely added 
as cryoprotectants to improve freeze-thaw stability of food emulsions (Saito et al. 
1999; Gu, Decker, McClements, 2007). It is generally recognized that the presence of 
sugars can decrease the freezing temperature of water, and increase the amount of 
unfrozen water available to disperse the oil droplets (Thanasukarn, Pongsawatmanit, 
McClements, 2004). Harrigan, Madden, and Cullis (1990) suggested that the 
cryoprotectants may behave as a spacing matrix between droplets, thus behaving as 
barrier to inhibit droplets merging. In concentrated sugar solution, the emulsion 
droplets do not come into close contact with each other in the unfrozen glassy solution 
between ice crystals (Miyajima, Tomita, Nakagaki, 1986). It was also reported that 
maltose was able to interact with the phospholipid on the interface, thus forming an 
interfacial film with stronger mechanical properties against droplets coalescence. In 
this case, multilayer emulsions made from protein-polysaccharide complexes are 
more resistant to freeze-thawing (Guzey, McClements, 2006). For most 
protein-stabilized emulsions, sugars protect proteins against freeze-denaturation, 
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thereby increasing emulsion stability (Carvajal et al. 1999; McClements, 2005). 
Levine and Slade (1988, 1989) proposed that sugar could reduce water mobility, 
which led to higher glass transition temperature of the water phase, possibly higher 
than the storage temperature. In this situation, the unfrozen liquid in the water phase is 
in the glassy state, where diffusion limited processes are significantly halted. 
Most sugars impart an additional sweet taste to the food, which is not acceptable for 
certain applications. Therefore, efforts have been made to obtain nonsweet additives 
with a cryoprotective effect similar to that of sugars. Literature studies indicated that 
maltodextrins could be potential substitutes (Carvajal et al., 1999). Maltodextrins 
(MDs) are generally produced from starch by partial hydrolysis, consisting of 
D-glucose units connected in chains of variable length. MDs are mostly flavourless, 
and can be easily digested and adsorbed (Chronakis, 1998). Moreover, MDs (when 
gelled) can be used as fat replacer to reduce fat content while maintaining desirable 
textural properties (Loret, Meunier, Frith, Fryer, 2004). It was also reported that MDs 
were able to prevent protein degradation during freezing. In a protein stabilized 
emulsion, the addition of maltodextrin reduced droplet aggregation after freeze-thaw 
cycling (Mun, Cho, Decker, McClements, 2008). 
Although extensive studies have been carried out on the freeze-thaw stability of 
emulsions stabilized by different emulsifiers/polymers, the roles of cryoprotectants on 
the emulsion stability were not well elucidated. On the other hand, the presence of 
cryoprotectants could largely affect the delivery functionality of the emulsions, which 
also required fruther studies. In the current study, flavour compounds were 
incorporated in O/W emulsion systems with the addition of different maltodextrins. 
The main objectives of the current study were to understand the effect of 
maltodextrins (with different dextrose equivalent values, DE) on the physicochemical 
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properties of O/W emulsions subjected to freeze-thawing, and the flavour 
characteristics of the emulsions. 
2. Materials and Methods 
2.1 Materials 
Glucidex 6 (maltodextrin DE 6, MD 6), Glucidex12 (maltodextrin DE 12, MD 12), 
and Glucidex 21 (maltodextrin DE 21, MD 21) were kindly offered by Roquette 
Freres (Lestrem, France).WPI (BiPro), which contained 71% β-lactoglobulin and 12% 
α-lactalbumin, was bought from Davisco Food International (Le Sueur, MN, USA). 
Sunflower oil was purchased from a local supermarket and used without further 
purification. 1-propanol (> 99.5% purity), diacetyl (butane-2, 3-dione, > 99.5% 
purity), 2-pentanone (> 99% purity), hexanal (> 99% purity), 2-heptanone (> 99% 
purity), Sundan III, Nile red, and Fast Green were all products of Sigma-Aldrich. It 
should be noted that maltodextrins are normally defined as having a DE value < 20, 
and corn syrup solid are defined as have a DE value ≥ 20. In this paper, the term 
“maltodexrin” was also used for glucidex 21 (MD 21) for an easier understanding and 
discussion of the results.  
2.2 Emulsion Preparation 
WPI suspension was prepared by dispersing the powdered WPI in phosphate buffer 
(pH 7.0±0.1) and the mixture was stirred overnight to ensure complete dissolution. 
Sodium azide (0.01% w/w) was added to inhibit microbial growth. Oil-in-water 
emulsions were prepared by mixing the WPI (1% w/w in final emulsion) suspensions 
and sunflower oil (20% w/w in final emulsion) at 10, 000 rpm for 1 min using an 
Ultra -Turrax (IKA, Staufen, Germany) and followed by high pressure 
homogenization (M110-EH Microfluidizer, Microfluidics International Corp., 
Newton, MA, USA) at 50 MPa for three passes. The homogenization process was 
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performed at room temperature without temperature control. The emulsions were 
immediately cooled ~ 23 °C with tap water. Maltodextrin (10% w/w) was then added 
into the emulsions and stirred on a magnetic stirrer (IKA) until completely dissolved.  
2.3 Freeze-Thaw Treatment 
Emulsions were stored in plastic tubes at -20 °C for 16 h in a temperature-controlled 
refrigerator, and then thawed at 25 °C for 6 h in a water bath. This cycling was 
repeated three times, and physicochemical characterization of the emulsions was 
performed after each cycle. As a control, emulsions kept at 25 °C were also analyzed 
after the same storage time as freeze-thaw treatment. 
2.4 Particle Size Analysis 
The particle size of the emulsions was determined using a Mastersizer 3000 laser 
diffraction instrument (Malvern Instruments, Ltd., Worchestershire, UK). Emulsions 
were diluted in deionized water in the sample dispersion unit. For the measurement, 
laser obscuration level was set at ~ 6%, and particle (oil) and dispersant (water) 
refractive index were chosen as 1.46 and 1.33, respectively. From particle size 
distributions, the surface-weighted mean diameter (d32) and volume-weighted mean 
diameter (d43) were reported, both expressed in micrometers. It should be noted that 
d43 is more sensitive to the presence of large particles (e.g., droplet aggregations), 
while d32 is more sensitive to detect small particles (McClements, 2005). 
2.5 Creaming Stability 
Creaming stability of emulsions was evaluated using a multisample analytical 
centrifuge (Lumifuge, LUM GmbH, Berlin, Germany). Emulsions were transferred to 
rectangular cells (2 × 8 mm) and analyzed by a light beam emitted at near infrared 
wavelength (880 nm) which scanned the sample cells over the total length. The charge 
coupled device (CCD) line sensor received light transmitted through the sample, 
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which showed a pattern of light flux as a function of the radial position, giving a 
macroscopic fingerprint of the sample at a given time, from which emulsion 
instability, such as creaming, sedimentation, and droplet aggregation could be 
detected. In the current study, the samples were centrifuged at 1500 rpm (286.8 × g) 
and 25 °C with a scanning rate of once every 60 s for 4.2 h. Following the test, curves 
of the integrated transmitted light against time were ploted, and the slope of each 
curve was taken as Creaming Index (CI). 
2.6 Oiling Off 
The determination of oiling off of the emulsions followed the method firstly described 
by Palanuwech, Poniteni, Roberts, and Coupland (2003) with some modifications. 
Sundan III solutions (0.00075% w/w) were prepared by dissolving the dye in 
sunflower oil under gentle magnetic stirring for > 4 h. The solution had a single 
absorbance peak (peak wave length at 508 nm) during a spectrophotometric scanning 
(Cary 1 UV-visible spectrophotometer, Varian Inc., Palo Alto, CA, USA). The dye 
solution (6 g) was then added into each emulsion sample (24 g) in Nalgene centrifuge 
tubes (Sigma-Aldrich). The mixture was vortexed for 30 s to ensure complete mixing, 
followed by centrifuging at 11,000 g for 10 min (25 °C) (Sorval RC 5B Plus, DuPont 
Instruments, Connecticut, US). An aliquot of dyed free oil on top of the emulsion was 
collected and subjected to a second centrifuging at 4000 g for 10 min (25 °C) 
(Centrifuge 5417R, Eppendorf, Hauppauge, NY). The supernatant was collected and 
its absorbance at 508 nm was determined. The change in the absorbance of the dye 
solution before and after mixing with emulsions was attributed to the dilution by free 
oil from the emulsions. The percentage of free oil (oiling off) in the emulsions was 
calculated based on the equation below: 
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1Oiling off  (%) = 100o
e e
AM
M φ
⎡ ⎤−× ×⎢ ⎥×⎣ ⎦
, 
Where Mo is the mass (in g) of the added dye solution, Me is the mass (in g) of an 
emulsion, Øe is the mass fraction of oil in the emulsion, and A = Ab/Aa is the ratio of 
the absorbance at 508 nm of the dye solution before (Ab) and after (Aa) mixing with 
emulsions. For calibration purpose, a standard curve of absorbance (at 508 nm) versus 
the amount of free oil in the emulsions was prepared by adding 24 g fresh emulsion, 6 
g Sundan III solution (0.00075% w/w), and known amounts of sunflower oil. 
2.7 Differential Scanning Calorimetry 
Freeze-thaw treatment on the emulsions was also carried out in a DSC Q2000 
differential scanning calorimeter (TA Instruments, Crawley, UK), and phase 
transitions of the emulsions were recorded. 15–20 mg of each sample was prepared in 
a Tzero pan, which was sealed with a Tzero hermetic lid. An empty pan was used as a 
reference. The DSC sample pans were cooled from 25 to -40 °C at 1.5 °C/min, and 
then heated to 25°C at 10 °C/min. Three cycles of cooling-heating were done for each 
sample (Cornacchia, Roos, 2011). 
2.8 Microstructural Observation 
Confocal laser scanning microscopy was used to observe the microstructures of the 
emulsions after freeze-thawing. A drop of the emulsion was transferred to a glass 
slide and stained with a mixture of Nile red (0.1%, w/v, in distilled water) and Fast 
Green (0.1%, w/v, in distilled water) at a ratio of 3:1. Confocal observation was 
performed using a Leica TCS SP5® microscope (Leica Microsystems GmbH, Wetzlar, 
Germany). Images of representative areas of each sample were taken using a 63 × oil 
immersion objective (numerical aperture = 1.4) at excitation wavelengths of 633 nm 
provided by He-Ne laser. 
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2.9 Emulsion Flavouring 
The procedure of emulsion flavouring was described in a previous study (Mao, 
Boiteux, Roos, Miao, 2014). Briefly, flavour-ethanol solution (5% v/v for each 
volatile) was added into emulsions in gastight glass vials (20 mL, silicone/PTFE seals) 
(La-pha-pack GmbH, Langerwehe, Germany) to reach a concentration of 500 mg/L 
for each flavour, and equilibrated for 1h at 25 °C. The flavoured emulsion (2 g) was 
transferred to a 20 mL headspace vial and capped immediately (silicone/PTFE seals) 
(La-pha-pack GmbH). The vials were then subjected to freeze-thawing followed the 
procedures described above. As a control, flavoured emulsions (2 g) were kept at 
25 °C for the same time as the freeze-thaw treatment before GC headspace analysis. 
2.10 GC Headspace Analysis 
Headspace concentrations of the flavours above emulsions were measured using a 
Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, CA, USA) equipped with 
a ZB-5MSi capillary column (60 m, 0.25 mm i.d., film thickness = 0.25 μm) and 
coupled with a FID detector. Headspace analysis of the emulsions before and after 
each cycle of freeze-thaw treatment and the controls was carried out using a Combi 
PAL autosampler (CTC Analytics AG, Switzerland). Injections of the headspace (1 
mL) were performed using a preheated (30 °C) 2.5 mL thermostated gastight syringe 
(Hamilton, Switzerland) under split mode (1:10). The injector and FID temperatures 
were, respectively, 225 and 230 °C. The helium carrier gas flow rate was 1 mL/min. 
The temperature program was as follows: 50 °C (4 min), 200 °C at 10 °C/ min rate, 
240 °C at 40 °C/min rate (2 min). To quantify the concentrations of the flavours in the 
headspace, calibration curves of the five volatiles were plotted using peak areas 
obtained from GC analysis against 6 known concentrations of each flavour in ethanol 
(completely vaporized before analysis) (Mao, Boiteux, Roos, Miao, 2014). 
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Partition coefficient (KA/E) was calculated to study the effect of maltodextrins on the 
release of each flavour compound before freezing: 
KA/E = Cair/Cemulsion, 
Where Cair is the flavour concentration in the headspace and Cemulsion is the flavour 
concentration in the emulsion matrix, which is calculated based on the amount of 
flavour left in the matrix by subtracting the headspace flavour from the originally 
added flavour. To compare the release of flavours from the freeze-thaw treated 
emulsions (after each cycle) and untreated emulsions, the ratio of the headspace 
concentrations (termed “relative release”, Rr) was calculated: 
Rr(%) = Cf/Co×100,  
Where Cf is the flavour concentration in the headspace above freeze-thaw treated 
emulsion and Co is the flavour concentration in the headspace above the original 
emulsion without freeze-thaw treatment (after the same storage time). 
2.11 Statistical Analysis 
Statistical analysis was performed using OriginPro 7.5. All of the measurements were 
repeated three times. A one-way analysis of variance (ANOVA), followed by Tukey’s 
test, was applied to determine significant differences between the mean values of each 
set of replicates. A significance level of p < 0.05 was used throughout the study. 
3. Results and Discussion 
3.1 Effect of Freeze-Thawing on Emulsion Stability 
Previous studies reported that the presence of maltodextrins in O/W emulsions could 
lead to depletion flocculation when the maltodextrin concentration exceeded the 
critical flocculation concentration (CFC), and CFC was lower in the systems 
containing maltodextrins of lower DE values (Klinkesorn et al. 2004). To get 
emulsions free of instability (before freezing) induced by maltodextrin, the 
Chapter six 
 
 
 
203
concentration of maltodextrins in the current study was fixed at a value (10% w/w) 
below the CFC of MD 6. 
The thermal behaviours of the emulsions during freeze-thawing were characterized by 
DSC (Figure 6-1). The big exothermal peaks with onset temperatures between -18.5 ~ 
20.5 °C corresponded to the freezing of water in the emulsions. In the emulsion 
without maltodextrins (Figure 6-1A), the consecutive cycles of freeze-thawing 
resulted in much lower freezing temperatures of water. In the emulsion with 
maltodextrin (MD 12), no consistent effect of the freezing cycles on the freezing 
temperature was observed, but the water tended to freeze at a lower temperature than 
it did in the emulsion without maltodextrin. Weak peaks at ~ -27°C were most likely 
due to the crystallization of sunflower oil in the emulsion. DSC assay showed that 
bulk sunflower oil (unemulsified) started crystallization at ~ -13 °C, which was in 
agreement with the finding reported by Cornacchia and Roos (2011). Oil 
crystallization is mostly induced by impurities contained in oil. When oil is emulsified 
into small droplets, the impurities concentration in each droplet is dramatically 
reduced, and many droplets are void of impurities. As a result, much lower 
temperature is required to promote oil droplet crystallization in emulsion systems. 
From the DSC result, it could be found that sunflower oil in the current emulsion 
systems would not crystallize during a freezing to -20 °C (Cornacchia, Roos 2011). 
Therefore, it was assumed that the emulsion destabilization during freeze-thawing was 
mainly induced by water crystallization. It is worth pointing out that the temperature 
information obtained from DSC should only be regarded as an approximate 
representation of the thermal behaviours of water and oil in emulsions, because the 
DSC data was obtained during a controlled cooling-heating scan, whereas the other 
data was obtained during isothermal storage (freezing and thawing). 
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Figure 6-1. DSC cooling scans of the emulsions (oil 20%, WPI 1%, w/w) during 3 
successive freeze-thaw cycles from 25 to -20°C.A: the emulsion without maltodextrin; 
B: the emulsion with 10% w/w MD 12. 
 
Table 6-1 shows the change of particle size when the emulsions were subjected to 3 
cycles of freeze-thaw treatment. There was no significant difference in the particle 
sizes of the emulsions with and without maltodextrin before freeze-thawing (p > 0.05). 
However, the emulsion without maltodextrin presented the biggest change of particle 
size after freeze-thawing, both of d32 and d43, representing extensive droplet 
aggregation (multi-modal distribution). Droplet aggregation took place after the first 
cycle of freeze-thawing, and got intensified after two more cycles. The emulsions 
with maltodextrins (MD 6, MD 12, and MD 21) experienced very mild droplet 
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aggregation and slight increases of droplet size. The minor change of d32 suggested 
that most droplets remained in the small-size region after each cycle of freeze-thawing, 
and only a very small part of the droplets aggregated (increased d43).  
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Table 6-1. Particle sizes (μm) of the emulsions (oil 20%, WPI 1%, maltodextrin (MD 6, MD 12, or MD 21) 10%, w/w) after freeze-thaw 
cycles. Freezing was done at -20 °C, and thawing at 25 °C.  
 
Freeze-thaw 
cycle 
Original MD 6  MD 12 MD 21 
d32 d43 d32 d43 
 d32 d43 d32 d43 
0 0.37±0.01 0.45±0.01 0.38±0.01 0.47±0.02  0.37±0.01 0.45±0.02 0.37±0.02 0.45±0.02
1st 0.68±0.01 5.51±0.19 0.45±0.01 0.61±0.01  0.44±0.01 0.62±0.01 0.42±0.01 0.86±0.03
2nd 2.15±0.07 11.47±1.42 0.51±0.01 0.84±0.05  0.46±0.02 0.88±0.01 0.45±0.03 1.00±0.01
3rd 2.86±0.28 24.2±4.79 0.56±0.01 0.88±0.01  0.50±0.02 1.17±0.03 0.49±0.02 1.27±0.03
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As Hartel (2001) suggested, maltodextrins probably improved emulsion stability by 
increasing the concentration of osmolytes in the water phase, thereby reducing the 
freezing temperature of water (also confirmed by DSC in Figure 6-1) and decreasing 
the number of ice crystals formed. In this situation, maltodextrin may also have 
modified the size and shape of the ice crystals formed (Hartel, 2001), which resulted 
in different penetration force from the crystals into oil droplets. Moreover, the 
emulsions containing maltodextrins may have higher volume of unfrozen water 
available to disperse the oil droplets, which could limit the close proximity of droplets 
during freezing. The gelation of maltodextrin during freezing may create a 3D 
network to prevent oil droplets from merging (Loret et al., 2004). Furthermore, 
proteins at the interface can well maintain the structure required to stabilize the 
droplets, as they were hydrated by the unfrozen water (Carvajal et al., 1999). 
Comparatively, the emulsion with MD 6 had the least change of particle size, 
followed by the emulsions with MD 12 and MD 21. The difference could be 
attributed to the different molecular weight of MDs (3000, 1500, and 857 Da for MD 
6, MD 12, and MD 21, respectively) (Chronakis, 1998). The MD 6 was more likely to 
increase emulsion viscosity and to gel during freezing, which slowed droplet 
aggregation to a higher extent (Klinkesorn, Sophanodora, Chinachoti, McClements, 
2004; Dokic-Baucal, Dokic, Jakovljevic, 2004). 
Freeze-thawing induced droplet aggregation was clearly observed through confocal 
laser scanning microscopy (Figure 6-2). In the emulsion without maltodextrin (Figure 
6-2A), the droplets were densely packed, with the existence of large particles (~ 25 
μm), droplet aggregates, and irregular clumps. The emulsion had multi-modal 
distribution, which was in agreement with the result obtained through laser diffraction 
analysis. In emulsions containing maltodextrins, the droplets were more evenly 
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distributed, and most droplets were < 1 μm. The slight aggregations resulted in the 
appearance of a second peak in the distribution profile. Compared to the results 
obtained through laser diffraction technique, the emulsions exhibited bigger droplet 
size in microstructure images. For laser diffraction particle size analysis, emulsions 
were diluted and stirred before measurement, which may have influenced the size and 
structure of particles present in these systems (e.g., breaking droplet aggregates). In 
addition, large particles may move to the top of sample solution and thus be creamed 
out of the path of the laser beam. Therefore, a combination of the two techniques 
would help to better understand the structural changes of the emulsions during 
freeze-thawing. 
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due to its role in offering higher viscosity to the system and creating a gel network 
during freezing (Klinkesorn et al., 2004; Dokic-Baucal et al., 2004). For the 
emulsions containing MD 6 and MD 12, the biggest change of CI occurred after the 
first cycle of freeze-thawing, and only minor increase of CI was observed after the 
subsequent two cycles of freeze-thawing. The exact reason for this phenomenon was 
not well understood, but could be related to the fact that droplet flocculation could 
retard phase separation in concentrated emulsions (McClements, 2005; Thanasukarn, 
Pongsawatmanit, McClements, 2006). It should be noted that the stability test was 
conducted under a centrifugal field, and the destabilization process was accelerated. In 
fact, no visible creaming was observed for all the emulsions with MDs before 
freeze-thawing and after 3 days of storage at 25 °C.  
Oiling off generally accompanies droplet aggregation and creaming. Droplet fusion 
results in the rupture of interfacial film surrounding oil droplets and oil is partly 
released from the droplets (Cramp et al., 2004; Thanasukarn et al., 2006). In the 
current study, the result of oiling off was in agreement with the findings regarding 
size change and creaming stability (Table 6-2). In emulsions with the protection of 
maltodextrins, a big majority of the oil remained as oil droplets, and only about 5% of 
the oil was released after three cycles of freeze-thawing. The findings suggested that 
the maltodextrins helped to maintain the structure of the interfacial film of the 
droplets, though droplet aggregation was not completely avoided.  
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Table 6-2. Creaming index (CI) and oiling off of the emulsions (oil 20%, WPI 1%, maltodextrin (MD 6, MD 12, or MD 21) 10%, w/w) 
after freeze-thaw cycles. Freezing was done at -20 °C, and thawing at 25 °C. 
 
Freeze-thaw 
cycle 
Original MD 6  MD 12 MD 21 
CI      
(%/h) 
Oiling off 
(%) 
CI     
(%/h) 
Oiling off 
(%) 
 CI    
(%/h) 
Oiling off 
(%) 
CI     
(%/h) 
Oiling off 
(%) 
0 2.19±0.01 0 1.13±0.02 0  1.66±0.01 0 2.12±0.01 0 
1st 4.75±0.01 8.29±0.15 1.39±0.01 3.04±0.01  1.94±0.03 2.92±0.01 2.15±0.03 2.34±0.01 
2nd 10.26±0.22 15.27±0.33 1.40±0.02 4.64±0.02  1.98±0.03 4.53±0.02 2.27±0.02 3.86±0.01 
3rd 10.90±0.18 17.83±0.33 1.53±0.01 5.00±0.01  2.06±0.02 4.99±0.01 2.38±0.02 5.28±0.02 
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The interactions between maltodextrins and protein may play an additional role in 
slow oiling off. Literature studies showed that maltodextrins could interact with 
surface active ingredients at the interface, forming a complex with stronger 
mechanical properties against rupture (Wangsakan, Chinachoti, McClements, 2006; 
Klinkesorn et al., 2004). The interactions could follow different mechanisms 
depending on the nature of the interacting ingredients and the environmental 
conditions. Svensson, Gudmundsson, Eliasson (1996) and Wangsakan, Chinachoti, 
McClements (2001, 2003) proposed that non-polar patches (hydrophobic tails) of 
surfactants could insert into the helical complexes formed by the linear chains of 
maltodextrin or starch molecules, and thereby modify the properties of both the 
surfactant and maltodextrin molecules. Isothermal titration calorimetric analysis 
revealed that the binding was favourable for maltodextrins with > 10 glucose units 
(DE < 10) (Wangsakan et al., 2003), which could be partly responsible for the highest 
stability of the emulsion containing MD 6. Second, hydrogen bonding between 
maltodextrin and protein could occur in simple mixed solutions, which would lead to 
increased hydrophilicity of the protein (Semenova, Belyakova, Antipova, Jubanova, 
1999). Third, covalent complexations between the carbonyl groups of maltodextrin 
and amino groups of proteins have been widely investigated, although the interaction 
normally requires external energy input (e.g., heating). The complexes have been 
proved to possess improved emulsifying and stabilizing properties compared to 
protein alone (Akhtar, Dickinson, 2007; O’Regan, Mulvihill, 2010). As the current 
study was carried out at ambient temperature (25 °C) or freezing conditions (-20 °C), 
the covalent interaction (e.g., Maillard reaction) was unlikely to occur, and the former 
two mechanisms could be responsible for the interactions between maltodextrins and 
whey protein. In the emulsion without maltodextrin, ice penetration or protein 
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denaturation could lead to the breaking down of the protein film surrounding the oil 
droplets, and thus induce the oil release. It was found that about 18% of the oil was 
freed after 3 cycles of freeze-thawing, but the oiling off mostly occurred during the 
first two cycles of treatment. 
3.2 Flavour Characteristics of Emulsions after Freeze-Thawing 
Flavour release from emulsions has been extensively studied, not only because many 
foods are emulsions, but that emulsions are designed as delivery systems to control 
flavour release (McClements, 2005; van Ruth, de Vries, Geary, Giannouli, 2002). 
Flavour release is mainly controlled by two factors, the volatility of the compounds 
(thermodynamic factor) and the resistance to mass transfer from the emulsion to the 
air phase (kinetic factor) (de Roos, 2000). Literature findings revealed that emulsion 
ingredients, e.g., oils, emulsifiers, thickening agents, can interact with flavour 
compounds, thus modifying their thermodynamic release profiles (Guichard, 2002). 
On the other hand, emulsion properties/structures, including the properties of the 
interfacial film, strength of gel network, viscosity, stability, etc., can influence flavour 
partition and diffusion in the emulsions and the surroundings (van Ruth et al., 2002; 
Mao et al., 2014). During freeze-thawing, both of the two factors could be modified, 
which would lead to significantly changed release profiles. 
When flavour release reaches equilibrium in emulsions, they distribute themselves 
between the liquid phase and air phase according to their air-emulsion partition 
coefficients (KA/E) (McClements, 2005). KA/E is a measurement of the affinity of 
different flavour compounds for their surroundings. Table 6-3 shows KA/E values of 
the five flavour compounds in emulsions with and without maltodextrin before 
freeze-thaw treatment. With the same amount of flavours added, pentanone always 
had the highest KA/E values, whereas propanol had the lowest values. When different 
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emulsions were concerned, all the flavours tended to have higher KA/E values in the 
emulsion without maltodextrin than the emulsions with maltodextrins. The 
differentiation was more significant for the volatiles with higher hydrophobicity (e.g., 
hexanal, heptanone). On the other hand, the flavours had decreased KA/E values in the 
emulsions containing maltodextrins with higher DE values. For example, hexanal had 
a partition coefficient (×104) of 1.325 in the emulsion without maltodextrin, and the 
value decreased to 1.046, 0.960, and 0.907 in emulsions containing MD 6, MD 12, 
and MD 21, respectively. The finding was in line with the result reported by 
Reineccius (1995), who found that more flavour compounds were retained in the 
system containing maltodextrins of higher DE value. The result suggested a binding 
effect between flavour compounds and maltodextrins, and the binding was stronger 
with maltodextrins of lower molecular weight. It was proposed that the interactions 
between flavour compounds and glucose polymers (e.g., maltodextrins, starch 
molecules) were mainly through two mechanisms. One is through the complex 
inclusion, in which flavour compounds are trapped in a helix of glucose polymers 
through hydrophobic binding (Nuessli, Sigg, Conde-Petit, Escher, 1997; Boutboul, 
Giampaoli, Feigenbaum, Ducruet, 2002). This assumption could also be responsible 
for the more reduced KA/E values of hexanal and heptanone. The second one is 
through polar interactions, which involve hydrogen bonds between the hydroxyl 
groups of maltodextrins and flavour compounds (Boutboul et al., 2002; Naknean, 
Meenune, 2010). Maltodextrins with higher DE are more hydrolyzed, and they can 
provide more hydroxyl groups for the interactions with flavour compounds. 
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Table 6-3. Air-emulsion partition coefficients (KA/E ×104) of the flavours in emulsions 
(oil 20%, WPI 1% maltodextrin (MD 6, MD 12, or MD 21) 10%, w/w) before 
freeze-thawing. 
 
 Propanol Diacetyl Pentanone Hexanal Heptanone 
Original 0.440±0.026 1.222±0.050 2.471±0.107 1.325±0.039 0.671±0.014 
MD 6 0.491±0.020 1.161±0.030 2.380±0.067 1.046±0.038 0.581±0.028 
MD 12 0.460±0.024 1.057±0.018 2.333±0.056 0.960±0.026 0.559±0.028 
MD 21 0.463±0.033 1.001±0.055 2.313±0.116 0.907±0.061 0.537±0.050 
 
 
As discussed earlier, freeze-thaw treatment resulted in emulsion destabilization 
(droplet aggregation, creaming and oiling off), particularly for the emulsion without 
maltodextrin. It was hypothesized that the flavours would partition more into the 
headspace above freeze-thawed emulsions than those above untreated emulsions, as 
the destabilized oil droplets would have reduced capacity to accommodate volatile 
compounds. However, the current findings showed that only diacetyl and hexanal 
presented higher headspace concentrations in freeze-thaw treated emulsions (Rr > 
100%), and the other three flavours had even reduced headspace intensity after the 
treatments (Rr < 100%) (Figure 6-4). Therefore, there were other mechanisms 
responsible for the altered release behaviour of the flavours after freeze-thawing. In 
the emulsion without maltodextrins, protein was the main ingredient which could bind 
flavour compounds (Guichard, 2002). In the destabilized emulsion (after 
freeze-thawing), part of the protein would be desorbed from the interface, and they 
could have different structure from the interfacial protein to bind flavour compounds. 
Second, the freed oil covering the solution surface could create a sealing layer, which 
inhibited flavour transferring to the headspace. Third, freeze-thawed emulsions had 
very large flocks of droplets, and the flavour release could be slowed down due to the 
barrier effect and extended transportation range (McClements, 2005; Benjamin, 
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Silcock, Leus, Everett, 2012). As oiling off and droplet aggregation got intensified 
after more cycles of freeze-thawing, the flavours had further reduced headspace 
concentrations.  
In terms of the relative release of the flavours from emulsions with maltodextrins, 
diacetyl and hexanal were again observed to have higher release from freeze-thaw 
treated emulsions, but the other three flavours had the same release in the two types of 
emulsions (Rr = 100%) (p > 0.05). Flavour release from emulsions with different 
maltodextrins followed the same trend, and only slight difference in the relative 
release of diacetyl and hexanal was observed. This finding was attributed to the higher 
stability of the emulsions with maltodextrins, and the slight difference in the stability 
of emulsions with different maltodextrins did no present evident effect on the relative 
release. Diacetyl was the most hydrophilic flavour compound (log P -1.43) among the 
five tested compounds, and it was mostly distributed in the water phase of an 
emulsion. During freezing, diacetyl could be greatly concentrated due to water 
crystallization, which would result in higher headspace concentration after 
freeze-thawing. Hexanal was believed to be largely distributed in the oil phase of the 
emulsion, due to its high hydrophobicity (log P 1.78). The faster release of hexanal 
from freeze-thawed emulsions was not well understood, but could be due to its 
weakened affinity for the oil phase after the temperature treatment. Many studies 
reported that oil oxidation can produce an appreciate amount of hexanal (Taherian, 
Britten, Sabik, Fustier, 2011; Berton-Carbin, Genot, Gaillard, Guibert, Ropers, 2013), 
but the possible reaction would not result in significant difference in headspace 
concentration of hexanal above freeze-thawed emulsions and the untreated emulsions. 
This was because that the samples were stored at mild conditions for just up to 3 days, 
and they were not exposed to open environment. Furthermore, droplet coalescence 
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decreased the surface exposed to oxidation, and it could delay oil oxidation 
(Ponginebbi, 1999). 
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Figure 6-4. Relative release of the flavours in the emulsions (oil 20%, WPI 1%, w/w) before and after freeze-thawing. A: the emulsion 
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4. Conclusion 
The results obtained in this study demonstrated that freeze-thawing could lead to 
destabilization of O/W emulsions, and thus modifying emulsion properties and 
flavour release behavior. Maltodextrins were suitable cryoprotectants to improve 
emulsion stability against droplet aggregation and phase separation, and maltodextrins 
of lower DE values were more effective. Moreover, maltodextrins worked to maintain 
the flavour characteristic of emulsions after freeze-thaw treatment, though it was also 
dependent on the physicochemical properties of flavour compounds. The findings in 
this study would be helpful to design flavour delivery systems when freeze-thawing is 
required during processing, and to develop frozen food with desirable flavour profile 
after being thawed. In future studies, we intend to test more flavour compounds in the 
emulsion systems, and put more emphasis on the modified interactions between 
emulsion structures, other food components and flavour compounds. 
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The present study investigated four types of different structured emulsions, 
highlighting the effects of structuring in the dispersed oil phase (Chapter 2, 3), the 
interface (Chapter 4), and the continuous water phase (Chapter 5, 6) on emulsion 
properties and the subsequent flavour release. In an agreement with literature findings, 
flavour release is affected by the interactions between flavour compounds and 
emulsion ingredients (thermodynamic factor), and structures of the emulsions (kinetic 
factor). The current study revealed novel information about flavour release from 
structured emulsions, and confirmed that controlled flavour release is achievable by 
creating specific structures in the emulsions. 
1. Emulsion Structuring and Emulsion Properties 
1.1 Effect of Oil Phase Structuring 
In the present study, the first type of structured emulsions mainly concerned with oil 
phase structuring, which was achieved by monoglyceride crystallization. DSC 
analysis probed the thermal behaviour of monoglyceride in emulsions, and 
polymorphism was observed before the formation of stable crystalline structures 
(Figure 2-2). XRD study revealed that the crystals were of lamellar type, with a 
bilayer thickness of 49.5 Å (Figure 2-5). The results were in line with literature 
findings in other MG structured systems (e.g., MG-oil-water gel) (Chen, Terentjev, 
2010), and also revealed that the thermal behaviour was affected by storage 
temperature, time, and emulsifier type in O/W emulsions. As Yaghnure, Campo, 
Sagalowicz, Leser, Glatter (2005) suggested, the liquid crystalline structures form 
hydrophilic domains with lipophilic interface inside oil droplets, which could provide 
accommodation for both hydrophilic and lipophilic ingredients. 
Before crystallization occurred, MG was acting as an emulsifier, and it helped to form 
smaller droplets and improve emulsion stability (Table 2-1, Figure 2-1). After 
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crystallization, oil was trapped within the crystalline structures, and the rheological 
properties of the emulsions were much affected. When MG content and oil content 
were over limiting levels, the emulsion can present gel-like properties (Figure 2-9). 
The elastic properties of MG gels present the basis of their applications in fat-reduced 
food. However, the gel-like behaviour was only observed when stable crystalline 
structures (β-form) were formed, whereas MG in transient forms (α, sub-α) did not 
lead to gel-lie behaviours. Moreover, the present study highlighted the effect of the 
crystalline structures on the stability of emulsions subjected to NaCl solutions and pH 
changes. In TW stabilized emulsions, the structuring did not generate evident effects 
on emulsion stability. However, WPI stabilized emulsions became more sensitive to 
NaCl concentrations and acidic pH (Figure 2-11). This finding was attributed to the 
interactions between protein and MG, which modified the conformation of WPI at the 
interface, and some WPI was displaced from the interface (Anker, Berntsen, 
Hermansson, Stading, 2002; McClements, 2005). Therefore, TW is more suitable to 
produce MG structured emulsions for applications in adverse environmental 
conditions. 
1.2 Effect of Interface Structuring 
To offer protein stabilized emulsions better stability against environmental stresses, 
interfacial structuring/engineering of making a mechanically stronger interface has 
been widely adopted (Guzey, McClements, 2006). In the present study, a 
layer-by-layer technique based on protein-polysaccharide electrostatic interactions 
was applied to produce WPI-pectin multilayer emulsions. As pectin was negatively 
charged in the solution, WPI-pectin interactions were mainly influenced by the sign 
and magnitude of WPI, which was pH-dependent. Based on the result of the evolution 
of surface charge (zeta-potential) against pH, it was believed that pectin was adsorbed 
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onto the interface at pH ≤ 5.0, and emulsions had significantly improved stability 
against droplet aggregation and creaming at pH 5.0, 4.0, 3.0 (Figure 4-1). Emulsions 
with higher pectin content had higher surface charge and consequently higher stability. 
Due to the surface coverage of WPI, however, only a limited amount of pectin can be 
involved in the interface, and additional pectin present in the water phase can promote 
depletion flocculation. As a result of the electrostatic screening effect, the droplets 
were less charged when the emulsions were subjected to salt solutions with higher 
NaCl concentrations, and droplet aggregation and creaming were clearly observed 
(Figure 4-2). However, improved stability against higher ionic strength for multilayer 
emulsions can be achieved if the emulsions were made at much lower pH (e.g., 2.0, 
3.0) or with adsorption of a third layer (Gu, Regnier, McClements, 2005). The 
WPI-pectin stabilized emulsions were unstable when mixed with artificial salivas 
(Figure 4-3), as pH neutralization (pH 7.0) resulted in desorption of pectin from the 
interface. Furthermore, the salts, proteins in the salivas could promote destabilization 
due to flocculation and coalescence (Sarkar, Goh, Singh, 2009).  
Two other emulsion systems investigated in the present study, that is, MG structured 
emulsion, and emulsion filled protein gel, also underwent interfacial structuring. 
However, the structcuring played less influential roles in emulsion properties. In MG 
structured emulsions, part of MG molecules could move from the oil phase to the 
interface due to their amphiphilic characteristics (Krog, Sparsø, 2004). Once crystals 
were formed after storage, the liquid crystalline structure at the interface of 
neighboring droplets can associate with each other to form a network, which 
strengthened the elastic properties of the emulsions (Calligaris, Pieve, Arrighetti, 
Barba, 2010). However, if MG is not compatible with the dominant emulsifier (TW or 
WPI in the current study) at the interface, MG crystallization may result in poorer 
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emulsion stability. In emulsion filled protein gels, interfacial structuring occurred 
when interfacial protein interacted with protein gel matrix in the continuous phase. 
The structuring promoted a more rigid gel network, as oil droplets were acting as 
active fillers (van Vliet, 1988). In the meantime, an interfacial layer with stronger 
mechanical properties was formed, which would be helpful to protect the ingredients 
incorporated inside oil droplets. On the contrary, in gel systems with no interfacial 
structuring, the droplets can play destructive effects to reduce the elasticity of the 
protein gels (Dickinson, Chen, 1999; Dickinson, Hong, Yamamoto, 1996). 
1.3 Effect of Water Phase Structuring 
Water phase structuring referred to emulsion filled protein (EFP) gels and emulsions 
containing maltodextrins in the present study. In EFP gels, GDL triggered the gelation 
of heat-denatured protein, forming a three-dimensional network. The interfacial 
protein covering oil droplets was also involved in the gel network. Therefore, the 
properties and concentration of the pre-heated protein solution and oil droplets 
showed large effects on gel formation and gel properties. Parameters of thermal 
processing (heating temperature, duration, etc.) can affect the unfolding of protein 
structure and the formation of soluble protein aggregates (Ye, Taylor, 2009). Generally, 
more extensive thermal treatment would result in gels with more rigid network and 
higher mechanical properties (Ye, Taylor, 2009). It should be born in mind that the 
protein level should be at a lower level to avoid gelation during heating. Moreover, 
the heat-denatured protein had reduced emulsifying capacity, and emulsions made 
with the denatured protein usually have bigger droplet size and are liable to 
flocculation/coalescence (Euston, Finnigan, Hirst, 2000). Studies performed by van 
Vliet (1988) and van der Poel (1958) revealed that a decrease in droplet size could 
induce an increase in storage modulus of EFP gels. Sala et al. (2009) later found that 
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gels with smaller droplets had lower fracture strain, whereas the change in droplet size 
had minor effect on other fractural properties. In the current study, the effects of WPI 
content and oil content were highlighted. Protein played a dominant role on the 
formation of gel network, and increase in WPI content led to gels with higher water 
holding capacity and stiffness (high storage modulus and stress at breaking) (Table 
5-1, Figure 5-2). Also, an increase in oil content provided more oil droplets available 
to be embedded in the network, and it also contributed to higher storage modulus and 
stiffness (Table 5-2, Figure 5-3). However, gels with higher oil content presented 
lower strain at breaking, and gels were rather brittle. Additional, the study also 
revealed that fat-reduced gels with similar rheological properties as normal gels could 
be formulated by increasing the protein level, and therefore they can find applications 
in low-fat food products.   
In terms of emulsions (stabilized by WPI) containing maltodextrins, the structuring 
only took place when freezing was performed, and MD was acting as spacing matrix 
to prevent droplet aggregation. Moreover, the addition of MD induced lower freezing 
temperature of water (Figure 6-1) and more free water was available to disperse oil 
droplets and hydrate the interfacial protein. Consequently, improved freeze-thaw 
stability was achieved in the emulsions with MDs (Figure 6-3, Table 6-2). The 
structuring was affected by the molecular weight of MD, and MD with lower DE 
value offered emulsions higher viscosity, which could promote stability against fast 
droplet aggregation and creaming.  
2. Flavour Release from Structured Emulsion Systems 
2.1 Effect of Oil Phase Structuring 
It has been widely reported that oil (fat) plays an essential role in flavour release, 
particularly the lipophilic flavour compounds, which account for a great majority of 
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the food flavours. This is the main reason that fat-reduced foods usually have 
undesirable flavour profile. Oil structuring can modify the interactions between 
flavour compounds and oil, which changes the release behaviour of flavour 
compounds, both thermodynamically and kinetically. In the present study, formation 
of MG crystalline structures inside oil droplets reduced the headspace concentration 
of the flavours, and the flavours had lower air-emulsion partition coefficients in the 
structured emulsions (Table 3-2, 3-3). A similar trend was also observed in emulsions 
of the same compositions with no or little MG crystals (on the day of emulsion 
preparation), but the trend was much weaker (Figure 3-3). In a sodium 
caseinate-stabilized emulsion system, addition of 0.25% MG significantly reduced the 
maximum headspace concentration of lipophilic flavour compounds (Phan et al., 
2008). It seemed that MG had stronger interaction with flavour compounds than the 
oil of the same amount. Moreover, the crystallized MG molecules could bind more or 
had stronger interactions with flavour compounds than the dissolved MG. The 
findings were supported by Vauthey et al. (2000), who found no significant difference 
in the retention of flavour compounds by pure oil and pure monoglyceride, but 
significant higher retention of lipophilic flavour compounds in a mixture of oil and 
crystallized monoglyceride (60:40). Therefore, the partition of flavour compounds 
between bulk emulsion and the headspace is influenced not only by the interactions 
between flavours and pure ingredients of the emulsion matrix, but also the 
interactions between flavours and the structures created by the individual ingredient. 
In fact, the crystalline structure created a hydrophilic domain with hydrophobic 
surface inside oil droplets, and it changed the affinity of both lipophilic and 
hydrophilic flavour compounds for the oil phase (Yaghmur, de Campo, Sagalowicz, 
Leser, Glatter, 2005). As hydrophilic flavour compounds were less likely to move into 
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the oil droplets, their release was less affected by the crystalline structures. Calligaris, 
Pieve, Arrighetti, Barba (2010) suggested that the crystalline structures slow the 
diffusion of the flavour compounds, probably due to the high viscosity and gel-like 
properties of the system. When oil-reduced systems were considered, the release rates 
and headspace concentration of flavour compounds (lipophilic) were significantly 
increased in both the structured emulsions and unstructured emulsions, compared to 
those in emulsions with higher oil content (Figure 3-5). However, the presence of MG 
crystalline structure resulted in narrowed gap in headspace concentration of emulsions 
with different oil contents (Table 3-2). The present study also demonstrated that the 
release-decreased effect by MG was weakened in emulsions with lower oil content, 
which, on the other hand, highlighted the large effect of oil content on flavour release.  
2.2 Effect of Interface Structuring 
An oil-water interface functions when flavour molecules are moving from one phase 
to the other phase, and it could slow flavour diffusion due to its barrier properties. 
Moreover, the interfacial ingredients can bind flavours, thereby reducing the amount 
of flavour released to the headspace. In the current study, headspace concentrations of 
both lipophilic and hydrophilic flavour compounds were lower in WPI-pectin 
multilayer emulsions than those in WPI single layer emulsions (Figure 4-4A). It was 
expected that flavours were releasing at lower rates from the multilayer emulsions, but 
no significant difference in the release rate in the two types of emulsions was 
observed (Figure 4-4B). As Benjamin, Silcock, Leus, Everett (2012) proposed, the 
single layered emulsion (pH 5.0) had quite bigger droplet size, which could result in 
lower release rate due to the increased transportation radius for the flavours insider oil 
droplets. In fact, when a stable single layered emulsion (pH 7.0) was concerned, 
significantly higher release rates were detected. The barrier property of the 
Chapter seven 
 
 
 
232
double-layered interface can be largely attributed to its higher thickness and gel-like 
compact structure (Tokaev, Gurov, Rogov, Tolstoguzov, 1987), which could slow the 
movement of flavour compounds across the interface. When the pectin layer was 
desorbed from the interface by changing pH from 5.0 to 7.0, a significantly higher 
amount of flavour released to the headspace (Figure 4-5A). The results also revealed 
that the two polymers can bind more flavour compounds when interacted at the 
interface, probably due to the conformational change of protein as a result of pH 
change. Once the multilayer interface was collapsed, for example, when the emulsions 
were subjected to NaCl solutions or salivas, significantly higher level of flavours were 
released from the emulsions, and they were releasing at much higher rates (Figure 4-6, 
4-7). In this regard, controlled release of flavour compounds could be achieved by 
carefully applying environmental triggers (pH, ionic strength, enzyme, etc.), which 
modifies the structure and composition of the interface and, subsequently, alters the 
affinity of flavour compounds for the structures and ingredients of the emulsions.    
In the case of EFP gels and MG structured emulsions, the barrier properties of a more 
compact interface may partly account for the reduced release of flavours in the two 
systems, whereas the structures formed in the bulk oil/continuous phase played more 
significant roles. Moreover, the release of lipophilic flavour compounds was more 
affected by these structured systems, as the structured interface covered the oil 
droplets where most lipophilic compounds were located.  
2.3 Effect of Water Phase Structuring 
Water phase structuring also affects the release behaviour of flavour compounds in the 
water phase, and of flavour compounds in the oil phase of an O/W emulsion. The 
present study on EFP gels showed that flavours released at lower rates and had lower 
air-emulsion partition coefficients in EFP gels than the ungelled emulsions with the 
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same composition (Figure 5-5, Table 5-3). Among the five tested flavour compounds, 
lipophilic compounds were more affected by the modification of the gel structure. The 
reduced partition coefficients were attributed to the strengthened interactions between 
flavour compounds and protein, as denatured protein could expose more binding sites. 
The lower release rate was mostly due to the barrier, or the physical entrapment 
created by the gel network, which greatly slowed the diffusion of flavour compounds 
in different phases. This trend was also observed in many polysaccharide and/or 
protein gel systems (Baines, Morris, 1987; Boland, Delahunty, van Ruth, 2006). 
Although the pores in the gel network could provide channels for the movement of 
flavour molecules, flavour release could be retarded when compact gel network is 
formed. It is because of this retardant force, reduced flavour release was observed in 
oil-reduced systems by increasing the stiffness of the gel network (Table 5-3), and the 
difference in release rates of flavours in emulsions with different oil content became 
smaller (Figure 5-7). In gels with different strength, Hansson Giannouli, van Ruth 
(2003) discovered that a stronger gel could give a much lower flavour concentration 
in the headspace. In a model mouth, Hansson et al. (2003) reported that breaking 
down of the gel network during mastication could accelerate flavour release and result 
in a higher intensity of flavour moved from mouth to the nose. Therefore, EFP gels 
with different stiffness in the current study were supposed to give different flavour 
profiles during consuming. 
In the emulsions containing maltodextrins, the structuring functioned during 
freeze-thawing to protect emulsions from destabilizing, and helped to keep the similar 
release behaviour of flavour compounds in the emulsions before and after three cycles 
of freeze-thaw treatment (Figure 6-4). Moreover, the structuring also helped to 
maintain the conformation of protein during freeze-thawing, and subsequently the 
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interactions between flavour compounds and protein. In the emulsion without 
maltodextrin, dramatic change of the emulsion structures (droplet aggregation, 
creaming, oiling off) modified the release behaviour of flavour compounds 
significantly. 
2.4 Effect of the Nature of the Flavour Compounds 
In the current study, four or five flavour compounds were investigated in each 
structured emulsion system. The selection of the flavour compounds was mostly 
based on their polarity (described by log P value). The results showed that lipophilic 
flavour compounds were more affected by the structuring, particularly in the oil phase 
and in the interface. It is because that lipophilic flavour compounds have higher 
affinity for the oil phase, and change in the properties/structures of the oil phase 
showed bigger impact on the release of these compounds. Furthermore, the lipophilic 
flavour compounds were more likely to be distributed into the oil phase than the 
hydrophilic ones, and change in the properties/structures of the interface altered the 
diffusion rates of the flavours across the interface. In MG structured emulsions and 
EFP gels, a decrease in oil content resulted in an increase in the concentration of 
lipophilic flavour compounds in the oil phase, and the flavours released at higher rates 
and of higher intensity from the emulsions. On the contrary, hydrophilic flavour 
compounds had decreased concentration in the water phase, and their releases were at 
lower rate and of lower intensity. The effects of the structuring on the release of 
hydrophilic flavour compounds were much smaller in most cases, and sometimes 
were insignificant. These results could be attributed to (1) the location of the structure 
as discussed earlier; (2) the low concentration of the flavours in the water phase. In 
the studied emulsions, the water phase accounted for ≥ 80% of the total mass.  
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3. Overall Conclusion 
The present study investigated flavour release from different structured emulsions, 
highlighting the connections between emulsion structures and flavour release. The 
research included studies on oil phase structuring, oil-water interface structuring and 
water phase structuring giving the following overall conclusions: 
z Monoglyceride formed liquid crystalline structures in the oil phase of oil-in-water 
emulsions, and it presented polymorphism behaviour before stable β-form 
crystals were formed. β-form crystals were stacking at lamellar type, and gave 
emulsions with gel-like properties.  
z The addition of monoglyceride could improve emulsion stability against 
creaming when no crystal was formed. However, the formation of crystalline 
structure resulted in poorer stability against a pH change and a higher salt 
concentration in WPI-stabilized emulsions. 
z Flavours had lower headspace concentrations and partition coefficients in 
monoglyceride structured emulsions than in conventional unstructured emulsions. 
In an oil-reduced system, the role of monoglyceride crystalline structure was 
weakened and lipophilic flavours were releasing at higher rates and of higher 
intensity. 
z Adsorption of a pectin layer onto pre-adsorbed protein layer promoted stable 
emulsions at acidic pH (5.0, 4.0, 3.0). However, the pectin layer would desorb 
from the interface once the pH was adjusted to 7.0, or subjected to higher 
concentration of NaCl. 
z The headspace concentration of flavours was significantly lower in WPI-pectin 
multilayer emulsions, and it decreased with the increase of pectin content. When 
the pectin layer was desorbed from the interface as response to pH change from 
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5.0 to 7.0 or increase of NaCl concentration, a significant higher intensity of 
flavour release was observed. Mixing with artificial salivas resulted in emulsion 
destabilization and faster release of lipophilic flavour compounds. 
z Emulsion filled protein gels presented higher storage modulus and mechanical 
properties when increasing the WPI content or oil content. However, gels with 
higher oil content became more brittle. Oil-reduced gels could be made by 
increasing WPI content, while maintaining their viscoelastic properties. 
z Flavours had lower release rates and air-emulsion partition coefficients in the 
gelled emulsions, and the release was more inhibited when more protein was 
included in the system. Although oil reduction led to higher equilibrium 
headspace concentration of the flavours, release rates of the flavours were slightly 
affected. It was possible to slow flavour release in oil-reduced gels by increasing 
WPI content.  
z The addition of maltodextrins (DE 6, 12, 21) contributed to improved emulsion 
stability against freeze-thaw cycles, and the emulsion with maltodextrin DE 6 had 
the best stability.  
z Flavours had lower air-emulsion partition coefficients in emulsions with 
maltodextrins before freeze-thaw treatment. After freeze-thawing, the release 
behaviour of flavours was significantly modified in the emulsion without 
maltodextrins, whereas most flavours had unchanged release behaviour in 
emulsions with maltodextrins, in comparison to flavour release from emulsions 
without freeze-thawing. 
4. Application of the Research Findings and Future Work 
The results from our studies are useful in further understanding the release behaviour 
of flavour compounds in emulsions, particularly with respect to the influence of 
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emulsion structures on flavour release. This can be used to explain the change of 
flavour profile when change of emulsion structures occurred as a result of addition of 
specific ingredients or subjected to environmental stresses. As previous studies were 
concerned more with non-volatile compounds, the present study offered a deeper 
insight into the role of emulsions as delivery systems for functional compounds, and 
could also help to understand the mechanism of some food deterioration (e.g., oil 
oxidation). Overall, the knowledge obtained would be meaningful to design novel 
food products with special health/function claims and improved flavour profile, e.g., 
fat-reduced food, long-shelf life food.   
Food systems always contain complex ingredients, and experience various 
environmental stresses before and during eating, which make flavour release difficult 
to control. Future studies would be helpful to test more flavour compounds of various 
physicochemical properties, and their interactions with the ingredients/structures in 
the water phase, oil phase and interface. Second, it is important to understand the 
effects of the environment where flavour release takes place, and perform studies 
under real or simulated environmental conditions (statically and dynamically), 
through either in vitro or in vivo testing protocols. Last but not the least, it would be of 
highly practical significance to corelate the aroma release behavior to the overall food 
perception including texture, appearance, taste, etc.  
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When monoglyceride (MG) was dispersed in oil above melting point, it formed self-assembled structures
(liquid crystals) on cooling, which have the potential to structure oil in emulsion systems. In this study,
the effects of MG on emulsion properties and subsequent ﬂavor release were investigated. Model oil-in-
water (O/W) emulsions stabilized with tween 20 (1% w/w, TW) and whey protein isolate (1% w/w, WPI)
were prepared using microﬂuidization. All emulsions, with droplet size ranging from 170 nm to 387 nm,
showed good stability during storage. In TW emulsions, DSC results indicated that development of MG crys-
talline structure occurred within 3 days of storage. The MG self-assembled structures largely modiﬁed the
rheological behaviors of the emulsions, which showed an increased storage modulus on storage and the
TW emulsion gave gel property (G′>G″). The crystallinity was highly dependent on the content of MG in
the system, while independent on the content of oil. However, the gel property was affected by the content
of oil and MG. For WPI emulsions, very little MG crystallized during storage, and theWPI emulsions remained
Newtonian. When limonene was introduced into the oil phase of these emulsions, a delay in the release of
limonene in MG structured emulsions was observed by headspace analysis. Changes in emulsiﬁer types
and oil contents greatly inﬂuenced limonene release. The results of this study demonstrated the potential
of using MG structured emulsion for controlled release of ﬂavors, possibly in fat-reduced system.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Flavor plays a critical role in food preference. Numerous studies
have been performed in an attempt to understand the mechanism
of ﬂavor release from foods, in order to develop foods with desired
sensory properties. A major group of foods exist as emulsions, either
partly or wholly, such as milk, butter, beverages, etc., where ﬂavor re-
lease is more complex than in monophasic systems. Flavor release
from O/W emulsions involves the partitioning and diffusion of the
various ﬂavor molecules through the oil phase, the interface, the
water phase and ﬁnally the headspace (McClements, 2005). Such re-
lease is highly related to the properties of the ﬂavor molecules (e.g.,
polarity, solubility, molecular size) and the interactions of ﬂavor mol-
ecules with other food components (e.g., oils, emulsiﬁers, thickening
agents) (Guyot et al., 1996; Karaiskou, Blekas, & Paraskevopoulou,
2008; Landy, Courthaudon, Dubois, & Voilley, 1996; Roberts, Pollien,
& Watzke, 2003; Van Ruth, King, & Giannouli, 2002). Furthermore,
emulsion characteristics, including droplet size, viscosity, emulsion
type (O/W emulsion, W/O emulsion, W/O/W emulsion, etc.), can in-
ﬂuence ﬂavor release to some extent (Benjamin, Silcock, Leus, &
Everett, 2012; Landy et al., 2007; Rabe, Krings, & Berger, 2003). Con-
trolled ﬂavor release can be achieved through a careful design of the
emulsions, and such emulsions can be further developed to nutrient
delivery systems with controlled ﬂavor release properties.
It is now commonly accepted that the emulsiﬁers play an impor-
tant role in modifying the behavior of ﬂavor release, not only because
emulsiﬁers largely determine the properties of emulsions, but also
because the emulsiﬁer molecules are likely to bind ﬂavor molecules.
The binding reduces the concentration of free ﬂavor in the aqueous/
oil phase and limits the transfer of ﬂavor molecules from the oil
phase to the water phase, and consequently reduces the mass transfer
rate at the emulsion–gas interface (Guichard & Langourieux, 2000;
Harrison, Hills, Bakker, & Clothier, 1997). Different emulsiﬁers have
different interfacial properties and they tend to interact with different
ﬂavor molecules. For example, β-lactoglobulin at interfaces can inter-
act with many ﬂavor compounds, such as aldehydes, ketones and es-
ters, modifying their volatilities, while casein and egg albumin were
found to reduce the volatility of acetone and acetaldehyde
(Guichard, 2002). Moreover, an interfacial ﬁlm at the interface can
act as a barrier, which may also contribute to the controlled ﬂavor re-
lease (McClements, 2005). There are other kinds of emulsiﬁers, which
not only form interfacial ﬁlm on droplets, but also organize them-
selves as micelles (reverse micelles), or into hexagonal, lamellar and
other self-assembled structures (Krog & Sparsø, 2004), which may
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accommodate ﬂavor compounds. However, very few studies have so far
reportedmolecular interactions of ﬂavor and self-assembled structures.
An emulsifying monoglyceride (MG) (hydrophilic–lipophilic balance
value ~2–5) can be used to stabilize W/O emulsions, and also O/W
emulsions with the coexistence of water soluble emulsiﬁers (Hwang,
Kim, & Pyun, 1991; McClements, 2005). When mixed with water or
oil, MG can form self-assembled structures, which can be used as de-
livery systems, to protect sensitive bioactive substances from degrada-
tion, to solubilize drugs, and to control the release of active compounds
(Larsson, 2004; Sagalowicz, Leser, Watzke, & Michel, 2006). Further-
more, in an oil–water dispersionMGwill develop into a highly hydrated
crystalline lamellar phase (Lα), covering oil droplets, and form a meso-
morphic gel with some fat-like characteristics (Batte, Wright, Rush,
Idziak, & Marangoni, 2007; Calligaris, Pieve, Arrighetti, & Barba, 2010).
Marangoni and his colleagues found that the formation of the above
MG gel was sensitive to other ingredients in the system as well as the
environmental conditions (Marangoni, Batte, Wright, Rush, & Idziak,
2007). The use ofMG self-assembled structures to control ﬂavor release
has been reported recently. For W/O microemulsions, contradictory re-
sults were reported in the literatures on the effects of MG self-
assembled structures on ﬂavor release: Vauthy et al. (2000) found
that an emulsion containing MG showed higher ﬂavor release, regard-
less of whether it is lipophilic or hydrophilic, while Landy et al. (2007)
reported that some lipophilic volatile compounds were retained at a
higher level in MG structured emulsions, in comparison with unstruc-
tured W/O emulsions. Using an MG structured oil-in-water gel system,
Calligaris et al. (2010) discovered that the equilibrium concentration of
limonene in the headspace of a MG gel was signiﬁcantly lower than that
of a normal emulsion. Phan et al. (2008) made a sodium caseinate-
stabilized O/W emulsion with monoglyceride, in which several lipophilic
aroma compounds had lower releasing rates as compared with the con-
trol without monoglyceride. Although the MG self-assembled structure
has shown some potential to control ﬂavor release, further investiga-
tions are required to understand how this structure inﬂuences ﬂavor
release.
In real food systems, MG is often present with other food ingredi-
ents, such as proteins and some surfactants, which can inﬂuence the
MG crystallization behavior and then modify MG's ability to control
ﬂavor release. However, ﬂavor release from these complex systems
has scarcely been reported. In the current study, MG structured O/W
emulsions typical of common food products were prepared with two
standard emulsiﬁers, tween 20 (TW) and whey protein isolate (WPI).
The purposes of this studywere to understand the effects of oil content,
MG content and emulsiﬁer type on the development of MG self-
assembled structures and consequent properties ofmodiﬁed emulsions.
Furthermore, the inﬂuence of MG self-assembled structure on the dy-
namic ﬂavor release in O/W emulsions with different emulsiﬁers was
highlighted.
2. Materials and methods
2.1. Materials
Dimodan ®HR (Danisco, Denmark)was kindly offered by Cloverhill
Food Ingredients Ltd (Cork, Ireland). This product contains >90% MG
(glycerol monostearate). WPI (BiPro), containing 71% β-lactoglobulin
and 12% α-lactalbumin, was obtained from Davisco Food International
(Le Sueur, MN, USA). Polyoxyethylene sorbitan monolaurate (tween
20, TW), soybean oil, (R)-(+)-limonene (>97% purity) and sodium
azide, were all products of Sigma-Aldrich (St. Louis, MO, USA).
2.2. Emulsion preparation
The formulations of the emulsions assessed are summarized in
Table 1. The emulsiﬁer solutions (1% w/w of ﬁnal emulsion) were
kept overnight to ensure complete hydration and sodium azide
(0.01% w/w) was added as an antimicrobial agent. For the oil phase,
MG was mixed with soybean oil and the mixture was heated to
~75 °C to completely dissolve MG. When limonene (500 ppm, v/v)
was used, it was rapidly mixed with the hot oil. The aqueous and oil
phases were subsequently mixed at 5000 rpm for 5 min using a Sil-
verson high speed blender (Silverson Machines Ltd., UK) to form a
coarse emulsion, which was further homogenized using an M110-
EH Microﬂuidizer (Microﬂuidics International Corp., MA, USA) at
50 MPa at room temperature (25 °C) to produce ﬁne emulsions. In
microﬂuidization, a 75 μm Y type ceramic interaction chamber was
used, together with a 200 μm Z type auxiliary processing module.
The ﬁnal emulsions were immediately cooled down to room temper-
ature (25 °C) with tap water, and then stored in an incubator at 25 °C
for future analysis.
2.3. Droplet size measurement
Droplet sizes of the emulsions were determined by dynamic light
scattering using a Zetasizer Nano-ZS90 (Malvern Instruments, Wor-
cestershire, UK) at a ﬁxed detector angle of 90°. Emulsions were dilut-
ed prior to each measurement to minimize multiple scattering effects.
Results were described as cumulant mean diameter (size, nm), and
polydispersity index (PdI) for size distribution.
2.4. Emulsion stability analysis
Emulsion stability was evaluated using a multisample analytical
centrifuge (Lumifuge, LUM GmbH, Berlin, Germany) (Hou et al.,
2010). Emulsion samples were transferred to rectangular cells
(2 mm×8 mm) and analyzed by a light beam emitted at near infrared
wavelength (880 nm) which scanned the sample cells over the total
Table 1
Formulation map of the emulsions tested and properties of the emulsions on the day of preparation (mean±SD, n≥3).
Emulsion
code
Emulsion components Emulsion properties
Sunﬂower oil
(%,w/w)
MG
(%, w/w)
Emulsiﬁer
(1%, w/w)
Size
(nm)
PdI Viscosity
(mPa.s)⁎
1 20⁎⁎ 0 TW 277.4±3.2a 0.25±0.01 3.60±0.15A
2 20 0.5 TW 257.3±6.7b 0.24±0.01 3.68±0.14A
3 20 1 TW 236.5±3.6c 0.23±0.01 3.70±0.13A
4 20⁎⁎ 2 TW 193.4±4.2d 0.13±0.01 4.20±0.16B
5 10⁎⁎ 2 TW 170.8±1.5e 0.15±0.02 4.30±0.28B
6 40 2 TW 387.4±3.2f 0.14±0.01 ST⁎⁎⁎
7 20⁎⁎ 0 WPI 241.1±2.3c 0.26±0.01 3.86±0.18A
8 20⁎⁎ 2 WPI 234.3±3.0c 0.31±0.01 3.92±0.13A
9 10⁎⁎ 2 WPI 233.1±3.0c 0.25±0.01 3.92±0.13A
Within a column, values with different superscript letters are signiﬁcantly different (Pb0.05).
⁎ Mean value of the shear rate range (0–300 s−1), as the emulsions showed Newtonian behavior.
⁎⁎ Limonene was incorporated in this system.
⁎⁎⁎ Shear thinning ﬂuid.
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length. The charge coupled device (CCD) line sensor received light
transmitted through the sample, which showed a pattern of light
ﬂux as a function of the radial position, giving a macroscopic ﬁnger-
print of the sample at a given time, from which emulsion instability,
such as creaming, sedimentation, and droplet aggregation could be
detected. In our study, samples were centrifuged at 1500 rpm and
25 °C at a scanning rate of once every minute for 4.5 h. The result
was expressed as the integrated transmission percentage against
time. Its rate is a measurement of creaming stability, with lower
values indicating better creaming stability.
2.5. Differential scanning calorimetry
The melting and crystallization behaviors of MG in emulsions
were analyzed using a DSC Q2000 differential scanning calorimeter
(TA Instruments, Crawley, UK), on the day of sample preparation
(D1), after 3 days (D4, stored at 25 °C) and 6 days (D7, stored at
25 °C). Approximately 15–20 mg of each sample was prepared in a
Tzero pan, which was sealed with a Tzero hermetic lid. An empty
pan was used as a reference. The DSC sample pans were heated
from 25 °C to 80 °C at 5 °C/min to track the melting of the crystals
formed in the emulsion. An immediate cooling cycle to 0 °C at the
same rate was applied. Reheating from 0 °C to 80 °C at 5 °C/min was
occasionally performed to assess the different melting properties of
the crystals formed during the cooling cycle. The DSC was calibrated
with indium at a heating rate of 5 °C/min (Vereecken et al., 2009).
2.6. Rheological analysis
Rheological property measurements were performed using an AR
2000ex rheometer (TA Instruments, Crawley, UK). For viscosity analysis,
a DIN and concentric cylinder geometry (stator inner radius=15 mm,
rotor outer radius=14 mm, gap=5920 μm) was selected, and ~15 ml
of each sample was placed into the inner cylinder, equilibrated for
2 min before measurement. In order to minimize the effect of water
evaporation, a thin layer of silicone oil was added to the surface of
the sample. Viscosity test was performed over a shear rate range of
0–300 s−1 at 25 °C.
Viscoelasticity was measured after the MG self-assembled struc-
ture had been formed, using a 60 mm parallel-plate geometry system.
For each measurement, 6 ml of the sample was carefully mounted on
the plate. Dynamic stress sweep measurements were then performed
to determine the linear viscoelastic range of the emulsions, at a stress
range of 0.01–20 Pa and 1 Hz frequency. The following frequency
sweep test was made at a ﬁxed stress of 5 Pa, and frequency range
from 0.1 Hz to 10 Hz, from which the values of storage modulus (G′)
and loss modulus (G″) were obtained.
All the rheological measurements were performed at 25±0.05 °C,
controlled by Grant GD120 stirred thermostatic circulators (Grant In-
struments, Cambridge, UK).
2.7. Dynamic headspace analysis
Emulsion samples were transferred to gas-tight vials (silicone/
PTFE seals) (La-pha-pack GmbH, Germany) immediately after micro-
ﬂuidization, and the vials were kept sealed, as full as possible to avoid
volatile losses. Flavor analyses were performed on the day of prepara-
tion (D1), after 3 days (D4, stored at 25 °C). Dynamic ﬂavor release
analyses were conducted using 20 ml headspace vials (silicone/PTFE
seals) (La-pha-pack GmbH, Germany) capped immediately after sam-
ple addition (2 g). Injections of the headspace (1 ml) were performed
using a 1 ml thermostated gas-tight syringe (Hamilton, Switzerland)
on a Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, CA)
equipped with a FFAP fused capillary column (30 m, 0.32 mm i.d.,
ﬁlm thickness 0.5 μm) and coupled with a FID detector. Injector and
FID temperatures were, respectively, 225 and 230 °C. The helium
carrier gas velocity was 1 ml/min. The temperature program was as
follows: 40 °C (4 min), 65 °C at 10 °C/min rate, 66 °C at 1 °C/min
rate (1 min), 67 °C at 1 °C/min rate, and 220 °C at 20 °C/min rate
(1 min) (Karaiskou et al., 2008). The dynamic evolution of limonene
in the headspace was performed at time 0 after the sample had
been added to the headspace vials and after 2, 4, 6, 8, 12, 16, and
20 min. Only one sampling was performed per vial. The peak area of
limonene on the GC chromatogram was used to quantify headspace
concentration, and the results were expressed as the mean value of
triplicate analyses.
The release of limonene from emulsions was assessed by graphing
the limonene concentration in the headspace (counts) against time
(min).
2.8. Statistical analysis
Statistical analysis was performed using OriginPro 7.5. All the
measurements were repeated three times. A one-way analysis of var-
iance (ANOVA), followed by Tukey's test, was applied to determine
signiﬁcant differences between the mean values of each test. The sig-
niﬁcance level of Pb0.05 was used throughout the study.
3. Results and discussion
3.1. Role of MG as an emulsiﬁer
Table 1 gives the droplet size, size distribution and viscosity of all
the emulsions studied. Emulsions prepared through microﬂuidization
had ﬁne droplet size distribution, with the droplet size ranging from
170.8 nm to 387.4 nm. All the emulsions exhibited Newtonian behav-
ior with the exception of the TW emulsion with 40% oil content,
which showed a shear rate-dependant viscosity. Droplet size analysis
revealed that droplet size in TW emulsion reduced with increasing
MG content, from 277.4 nm with no MG, to 193.4 nm with 2% MG.
Meanwhile, emulsion stability (creaming stability) was improved
when MG was used in the system. As shown in Fig. 1, the integral
transmission value in TW emulsion without MG increased rapidly,
which indicated that the emulsion would cream after a period of
time. On the other hand, addition of 0.5% MG signiﬁcantly reduced
the rate at which the integral transmission increased and, addition
of 1% and 2% MG led to stable transmission signal. This indicated
that incorporation of MG into the emulsions promoted emulsion sta-
bility. In these emulsions, inclusion of MG reduced interfacial tension
to a greater extent when mixed with TW, and the mixed emulsiﬁers
Fig. 1. Recorded evolutions of time-dependent integral transmission proﬁles of emul-
sions stabilized by TW (1% w/w) with the addition of different amount of MG (oil:
2% w/w).
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resulted in a compact interface, facilitating the formation of small
droplets and preventing coalescence and aggregation of the emulsion
droplets, which would result in creaming and phase separation (Krog
& Sparsø, 2004).
3.2. Formation of MG self-assembled structure and the rheological
properties of the emulsions
In the MG–oil–water gels, MG crystalline structure was formed at
the interface, which was conﬁrmed by polarized light microscopy
(Batte et al., 2007). In the current system, the concentration of both
oil and MG were decreased to a lower level, and the emulsion drop-
lets were reduced to the sub-micrometer range due to the strong me-
chanical force during microﬂuidization, so the emulsion behaved very
differently compared to water gels. DSC tests were conducted on D1,
D4 and D7, in order to conﬁrm whether MG self-assembled structure
was formed in these systems. As illustrated in Fig. 2, no melting peak
was detected for emulsions containing 0.5% and 1% MG on the ﬁrst
day, and only a weak peak was present in the emulsion with 2%
MG. On D4, clear melting peaks were found for all the emulsions,
with a peak temperature of around 62 °C. On D7, the DSC traces
were almost the same as those on D4. By integration of the melting
peak on D7, enthalpies for the MG melting in the three emulsions
were 0.35 J/g, 0.77 J/g and 2.24 J/g, respectively. DSC measurement
conﬁrmed the formation of MG crystalline structure, which formed
gradually over the ﬁrst 4 days of storage, and remained unchanged
thereafter. The crystallinity derived from the melting endotherm
was highly dependent on the content of MG in the emulsion, which
was also reported by Calligaris et al. (2010) for water gel systems.
Compared to water gel andMG–oil solution, whereMG crystallization
commences soon after preparation, the TW emulsion systems in this
study showed lower rates of MG crystallization, which could be at-
tributed to the lower concentration of the MG in the system and the
effect of emulsiﬁcation. Previous studies have suggested that crystals
had decreased nucleation rates in emulsions with micrometer-size or
nanometer-size droplets, which was most probably due to the dilu-
tion of nucleation-catalytic impurities by the emulsiﬁcation process
(Sonoda, Takata, Ueno, & Sato, 2006; Vereecken et al., 2009). More
speciﬁcally, in bulk liquid oil guest molecules and foreign surfaces may
catalyze nucleation. Once such a liquid is subdivided into very small par-
ticles, like through homogenization, the concentration of catalytic impu-
rities in each droplet will vary signiﬁcantly and sometimes may even be
absent (Povey, 2001). Though a large interfacial area is believed to pro-
mote crystallization due to surface crystallization and droplet collision
(Povey, 2001), the presence of an interfacial ﬁlm composed of TW or
WPI in the current emulsion systems may inhibit this process.
In order to understand the MG thermal behavior in emulsions, a
heating–cooling–reheating study was performed on an emulsion con-
taining 2% MG, and the results were compared to the DSC behavior of
the MG powder. As Fig. 3 illustrates, MG in emulsion and MG powder
had similar thermal behavior, while the peak temperatures varied,
which is due to the emulsiﬁcation process as well as the effect of ma-
trix (Povey, 2001). Different melting and crystallizing peaks in the
DSC graphs showed the polymorphic properties of MG: in the ﬁrst
heating cycle, the sharp melting peak (peak temperature of 62.5 °C)
probably corresponded to the β polymorph of the MG, which is nor-
mally formed after a relatively long storage time and is rather stable
(Krog, 2001). The following cooling cycle led to the development of
two different crystalline forms, which were then melted in the
reheating cycle. According to the literatures, these two peaks probably
corresponded to the crystallization of α and sub-α polymorphic
forms, which are unstable and could ﬁnally transfer to the stable β
form (Krog & Sparsø, 2004; Vereecken et al., 2009). In Vereecken et
al.'s (2009) investigation, a third crystallization peak (named as sub-
α2) was also reported, which was not detected in the current study,
probably due to the different properties of MG used. According to the
DSC data, theα (sub-α) form of theMG crystals have lowermelting en-
thalpies and melting peak temperatures than the β form, which further
conﬁrms the existence of different MG polymorphic forms at different
heating/cooling stages, as a more stable crystal generally has higher
melting enthalpy and entropy (Himawan, Starov, & Stapley, 2006).
With the development of MG crystalline structure during storage,
rheological properties of the emulsions changed signiﬁcantly (Fig. 4)
(Pb0.05). According to Fig. 4a, the emulsion had very low viscosity on
the ﬁrst day, and it was independent on shear rate. After 3 days, the
emulsion presented shear-thinning behavior, and the apparent viscosi-
ty was signiﬁcantly increased (Pb0.05). A following frequency sweep
test revealed that the emulsion had a higher storage modulus value
(G′) and a lower lossmodulus value (G″) (Fig. 4b), which is a character-
istic of gelling samples. The elastic property of the system is determined
by a network of MG crystals containing oil, which was believed to ex-
hibit the lamellar crystalline structure conﬁrmed by XRD study, and in-
creasing theMG content could strengthen the gel property (Batte et al.,
2007). For emulsions with 0.5% or 1% MG, as less MG crystalline struc-
ture formed, the emulsions remained Newtonian with lower viscosity
observed during the storage test (data not shown).
Fig. 5 shows the DSC proﬁles of emulsions with different oil con-
tents after 3 days of storage. It is clearly observed that all emulsions
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showed similar melting peak temperatures over a narrow range of
61.2–62.7 °C, with no signiﬁcant difference in the enthalpy of the
peaks (P>0.05). This result conﬁrmed that the amount of MG crystal-
line structure was highly related to MG content (Calligaris et al.,
2010). Meanwhile, all the emulsions became shear-thinning after
3 days of storage, and the viscosity of the emulsions increased with
oil content, especially when shear rate was below 100 s−1. However,
frequency tests showed large differences in the above emulsions
(Fig. 6). Both emulsions with 20% and 40% oil had high values of G′
(G″), and clearly demonstrated gel-like properties, while emulsions
with 10% oil had very low G′ (G″) values, and no gel structure was ob-
served. The exact reason behind this is still unknown, but the differ-
ence in the droplet concentration may be a contributory factor. In
the emulsion with 10% oil, the droplet concentration was lower
than those in emulsion with 20% or 40% oil, which resulted in less
structured oil in the emulsion. Therefore, the gel properties in the
emulsion depended on oil content and MG content, and no gel struc-
ture can be observed when the oil content or MG content was lower
than certain values (Ojijo, Neeman, Eger, & Shimoni, 2004).
3.3. Effect of emulsiﬁers on the development of MG self-assembled
structure
In order to study the effect of different emulsiﬁers on the formation
ofMG self-assembled structures,WPI, a largemolecule emulsiﬁer, was
also used to stabilize the emulsions. It is known that small molecule
surfactants are capable of displacing protein from the interface due
to competitive adsorption, which results in droplet aggregation and ﬁ-
nally destabilization of the emulsions (Pugnaloni, Dickinson, Ettelaie,
Mackie, & Wilde, 2004). However, other studies have reported that
at the correct surfactant–protein ratio, the two ingredients are likely
to coexist at the interface and may form a compact ﬁlm, thus promot-
ing emulsion stability (Mao et al., 2009; Palanuwech & Coupland,
2003). In this study, theWPI emulsion containingMG remained stable
with only a slight alteration in the droplet size (from 234.3±3.0 nm to
250.3±6.1 nm) and no visible creaming observed during storage test.
Fig. 7 presents the DSC analysis of MG in the WPI emulsion over a
7 day storage period, which shows that MG crystals formed on D1,
and remained stable thereafter. The melting peak temperature was
around 59.6 °C, with the highest enthalpy of 0.57 J/g. Both of the two
parameters were signiﬁcantly different from those of the TW emul-
sion (Pb0.05). Rheological measurement indicated that the WPI
emulsion remained Newtonian throughout the storage test, with a
very low viscosity of about 4.0 mPa.s (data not shown). Based on
these results, it could be concluded that only a small amount of the
MG crystallized in WPI stabilized emulsions, which resulted in minor
effects on the properties of the emulsions. As discussed previously,
crystallization in emulsion is inﬂuenced by the emulsiﬁcation process
employed, and this theory was reconﬁrmed by the fact that crystallin-
ity varies in emulsiﬁers used, which may be attributed to the interac-
tion between MG and protein. Earlier studies discovered that the
MG–protein mixed ﬁlm could strengthen the barrier properties of
the interface and β-lactoglobulin (the main component of WPI) can
Fig. 4. Rheological properties of TW (1%w/w) emulsionwith 2%w/wMG and 20%w/w oil.
a: viscosity of emulsion at different shear rates on D1 and D4. b: storage modulus (G′) and
loss modulus (G″) of the emulsion under frequency sweep test on D4.
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insert into the MG monolayer, modifying the MG thermal properties
(Anker, Berntsen, Hermansson, & Stading, 2002; Boots, Chupin,
Killian, Demel, & de Kruijffe, 1999). Speciﬁcally for the latter point
of view, Boots et al. (1999) observed a decreased phase transition en-
thalpy of MG after the addition of β-lactoglobulin into a MG water
dispersion, and the MG coagel phase was then observed by NMR.
The author believed that the insertion of β-lactoglobulin into MG in-
duced a phase transition of MG. Although the system in the study of
Boots was different from that in the current study, the interaction be-
tween WPI and MG in an emulsion may also modify the MG crystal-
lizing behaviors, which is responsible for the different DSC results
and more stable rheological properties in WPI emulsion.
3.4. Limonene release in MG structured emulsions
With the special crystalline properties, MG has been explored to
produce fat-reduced food, which usually cannot provide a desirable
ﬂavor proﬁle compared to natural foods. In this part of the study,
TW emulsion and WPI emulsion with incorporated MG in the oil
phase were tested for their ability to control the release of a ﬂavor
compound, limonene.
Fig. 8 presents the dynamic ﬂavor release proﬁle of limonene from
TW emulsions over 20 min. On the day of preparation, regardless of
the presence of MG, a burst of limonene release to the headspace oc-
curred immediately after the sample was transferred to the vials, and
limonene concentration reached equilibrium within 2 min. ANOVA
analysis of the peak areas at all timepoints indicated that no signiﬁ-
cant difference in ﬂavor release was found for the two emulsions
with and without MG (P>0.05). As DSC analysis indicated (Fig. 2), a
very small amount of MG crystalline formed in the emulsion on D1,
and its effect on emulsion properties was not detected. For the two
emulsions, the only difference detected was in droplet size
(Table 1). Obviously, change in droplet size did not give different ﬂa-
vor release from the two emulsions. This result is in agreement with
previous studies (Carey, Asquith, Linforth, & Taylor, 2002; Meynier,
Lecoq, & Genot, 2005; Rabe et al., 2003). However, no general rule ex-
ists on the effect of droplet size on ﬂavor release. Some studies
reported that O/W emulsions with decreased oil droplet size resulted
in an increase in ﬂavor release, as increased interfacial area of smaller
droplets can accelerate mass transfer (Meynier et al., 2005). Some
contradictory results have stated that emulsiﬁer concentration was
higher covering small droplets, which helped to retard ﬂavor release
(Van Ruth et al., 2002). In the present study, the droplet size had
been reduced to sub-micrometer range, and the mass transfer rate
of the ﬂavor may have signiﬁcantly increased, which may have
masked the possible effect of different droplet size on ﬂavor release.
After 3 days of storage, ﬂavor release from unstructured emulsion
remained unchanged. However, the releasing behavior in MG struc-
tured emulsion was signiﬁcantly modiﬁed (Fig. 8) (Pb0.05). As the
results demonstrated, at t0 the headspace concentration of limonene
above MG structured emulsion was low, about 20% of that above
the unstructured emulsions (similarly for the structured sample on
D1 as well), and increased continuously thereafter until an equilibri-
um was reached at t12. DSC analysis (Fig. 2) revealed that a consider-
able amount of MG crystalline structure had formed by D4, which was
likely responsible for retarding the release of limonene from the MG
structured emulsion.
In the WPI stabilized emulsions, different releasing proﬁles were
observed (Fig. 9). For emulsions without MG (D1 and D4), headspace
limonene concentrations increased slowly from t0 to t6, and equilibri-
um was reached afterwards. Compared to TW emulsion on D1, WPI
emulsion slowed down limonene release, which was probably due
to the strong binding of ﬂavor molecules to protein as previously dis-
cussed. For emulsions containing MG, the headspace concentration of
limonene at t0 was about 50% lower than emulsion without MG. Over
the following 4 min, limonene released rapidly and reached equilibri-
um for the last 16 min. Both ﬂavor-protein interaction and the MG
crystalline structure were considered to be responsible for the
delayed release of limonene, despite the degree of crystallization
being much lower (Fig. 7). Ultimately, there was no signiﬁcant differ-
ence in ﬂavor release from the MG structured emulsions on D1 and
D4, at any of the timepoints tested (P>0.05). The reason for this is
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clear, as the properties of the WPI emulsion remained unchanged
over the 4 days of storage, which was different from the TW
emulsions.
The results found in this study are in agreement with other MG
containing systems discussed previously in the Introduction section,
and the formation of MG crystalline structures helped to slow down
ﬂavor release. Regarding the mechanism of delayed release, two as-
pects can be taken into consideration: ﬁrstly, the increased viscosity
of the emulsion due to MG crystallization can retard the mass transfer
of the limonene molecules between the oil and water phase
(Karaiskou et al., 2008). However, this explanation is only valid in
the case of TW emulsions, as the rheological properties of the WPI
emulsions were stable over the test period. Secondly, the crystalline
structure itself may also have inﬂuence on ﬂavor release. The forma-
tion of MG crystalline structures in the emulsion may modify the af-
ﬁnity of the ﬂavor molecule for the matrix, especially in the case of
oil and emulsiﬁers, and the domains of the crystalline structures in
different phases may have different capacities to solubilize different
ﬂavor molecules, resulting in changed releasing behavior (Calligaris
et al., 2010; Phan et al., 2008). Moreover, the MG adsorbed at the in-
terface can strengthen the properties of the interfacialﬁlm, suggesting a
more signiﬁcant role of this barrier to slow down limonene diffusion
from the oil to water phases.
Interestingly, in the present study once the equilibriums had been
reached, no signiﬁcant difference in the headspace concentration
above the emulsions were detected, regardless of the emulsiﬁer
types and/or the addition of MG (P>0.05). Currently, there is no con-
vincing explanation for this phenomenon, and it is assumed that
emulsiﬁers and MG self-assembled structures in the current systems
only show an effect on the partition of limonene between the oil
and water phases, which may take a short period of time, and once
the partition equilibrium between the phases has been reached, ﬂa-
vor release from the emulsions to the headspace is only governed
by the liquid–gas interface, whose property may be similar among
the systems investigated in this study.
Similar releasing behaviors were observed in MG structured emul-
sions with the oil content reduced to 10% (w/w) (Fig. 10). However, a
signiﬁcantly higher amount of limonene was released to the head-
space (Pb0.50). For example, the peak area for the emulsion with
20% oil after equilibrium was reached was around 1.2×105 counts,
while the value for the emulsions with 10% oil was around 5.5×105
counts. By calculating the rate of release before equilibrium, it was
found that the release of limonene from emulsions with 10% oil was
≥3 times faster than that from emulsions with 20% oil, regardless of
the emulsiﬁers used (Table 2). In food systems, lipids can act as ﬂavor
precursors, as solvents for ﬂavor compounds, and as ﬂavor release
modulators. Many studies have found that ﬂavor release from oil-
in-water emulsions correlate negatively with oil content (Giroux,
Perreault, & Britten, 2007; Jo & Ahn, 1999). Additionally, the rate of
limonene release from MG structured WPI emulsions was twice as
fast as that fromMG structured TW emulsions, which clearly reﬂected
that the level of MG crystallization played a signiﬁcant role in retain-
ing ﬂavor release.
4. Conclusion
This study focused on the development of MG self-assembled
structure in O/W emulsions, and limonene release from the emulsions.
The properties of the MG self-assembled structure were dependent on
MG content, oil content and emulsiﬁers used. The self-assembled struc-
ture not only modiﬁed emulsion properties, but also slowed down ﬂa-
vor release. Though reducing oil content would accelerate ﬂavor
release, MG structured emulsions can delay the process to reach the
maximum headspace concentration, thus indicating that MG could be
potentially used to modify ﬂavor release in fat-reduced food. Further
studies should investigate more information regarding the interaction
between MG self-assembled structures and various ﬂavor compounds,
which could promote the further application of MG self-assembled
structures in functional fat-reduced foods.
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Monoglycerides (MGs) can form self-assembled structures (liquid crystals) in aqueous or oil systems,
which can structure emulsions. In this study, MG was incorporated in Tween 20 or whey protein isolate
(WPI) stabilized O/W emulsions, and the crystallizing behavior of MG in the emulsions and its effect on emulsion
properties were investigated. Differential scanning calorimetry (DSC) analysis indicated that in TW emulsions MG
crystals were mainly in β form when stored at 25 °C, but in α and sub-α forms at 4 °C before ﬁnally transferred
to β form. InWPI emulsions, only β-formMG crystals were formed regardless of the storage temperature. Synchro-
tronX-ray diffraction (XRD) study revealed thatMG liquid crystals (β form)were stacking in awell ordered lamellar
stylewith abilayer thickness of 49.5Å.α and sub-α formsof the crystalswere packing in hexagonal and orthorhom-
bic styles, respectively. MG structuredWPI emulsions were unstable when subjected to lower pH or NaCl solutions,
probably because of WPI replacement by MG, as well as the interaction between MG andWPI.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Monoglycerides (MGs) are industrially produced through esteriﬁca-
tion reactions from glycerin and oils, with the presence of catalysts.
They can also be formedbiochemically via release of a fatty acid fromdi-
acylglycerol by a diacylglycerol lipase (Krog & Sparsø, 2004). MGs are
generally present in crystal forms, and melt at certain temperatures.
Due to a polymorphism behavior, MG crystals can be present in sub-
α, α, and β forms. These polymorphic forms are transferable, and only
the β form crystals are thermodynamically stable (Heertje, Roijers, &
Hendrickx, 1998; Krog, 2001; Vereecken et al., 2009). MGs can self-
assemble into different lyotropic liquid crystalline structures when hy-
drated, and they can be adsorbed at oil–water or water–air interface
(Krog & Sparsø, 2004). The crystalline structures are able to accommo-
date bioactive compounds, acting as delivery systems (Sagalowicz,
Leser, Watzke, & Michel, 2006).
The crystallizing behavior of MG inwater phase has beenwell docu-
mented. When MG–water system is heated above the Krafft point of
MG, MG self-organizes into a lamellar liquid crystalline phase (Lα),
where water molecules penetrate into the layers between the head
groups of MG molecules. At temperature below Krafft point, Lα phase
could transfer to Lβ phase (also called α-gel), which is highly hydrated
and unstable. Theα-gel will eventually convert into an anhydrousβ-gel
(also called coagel) during storage, and water is expelled from the
crystal lattice (Sein, Verheij, & Agterof, 2002). In fact, these different
crystalline phases can coexist in thermodynamic equilibrium under cer-
tain environmental conditions (temperature, water content, pH, etc.).
Depending on MG crystal network and water content, the gels vary in
ﬁrmness (Sein et al., 2002). When oil is included in the system, it can
be incorporated into the gel phase. The crystalline MG at the oil–water
interface is connected from one droplet to another, forming a continu-
ous solid network and giving the gel fat-like properties (Marangoni
et al., 2007). This provides novel ways of producing fat replacers with
less saturated fat. In vivo study showed that consumption of the MG
gel (MG–oil–water system) could lead to lower levels of triacylglycer-
ols, free fatty acids and insulin in blood (Marangoni et al., 2007).
Due to its amphiphilic properties, MG can be used to stabilize oil-in-
water (O/W) emulsions. Usually, it is usedwith other emulsiﬁers, either
biopolymers (e.g., protein), or small molecule surfactants (e.g., sugar es-
ters) (Krog & Sparsø, 2004). MG can develop different forms of crystals
in these systems as well, and structure the emulsions with modiﬁed
properties (termed as structured emulsions). On the other hand, the in-
gredients in the emulsion couldmodify the crystallizing behavior ofMG.
Despite various studies on MG crystallizing behaviors, very few studies
focused on MG in O/W emulsions, which in fact represent a wide range
of food products (e.g., beverages). Yaghmur, de Campo, Sagalowicz,
Leser, and Glatter (2005) studied emulsions containing monoglyceride
(with other surfactants), and they reported the existence of crystalline
MG in the dispersed particles using cryo-TEM (with fast Fourier Trans-
form). The result was also conﬁrmed by small-angle X-ray scattering
(SAXS) measurements. The crystalline MG in the oil droplets formed
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hydrophilic domains, with size smaller than 7 nm. It was revealed that
the shapes of crystalline domains in the oil droplets were neither
hexosomes nor cubosomes (as normally observed in MG–water or
MG–oil dispersions), but more circular. Batte, Wright, Rush, Idziak,
and Marangoni (2007a, 2007b) reported MG crystalline structure cov-
ering oil droplets in MG–oil–water gels (O/W emulsions, with co-
surfactant) through a polar light microscopy, and they proposed the
crystalline structure to be lamellar as XRD results indicated. It seems
that in O/W emulsions MG crystalline structure can exist both at inter-
face and in oil phase, while the coexistent surfactants affect the forma-
tion of the crystals. However, little information is available regarding
the crystallizing kinetics of MG in O/W emulsions and more profound
studies are required to better understand the structure of MG in the
emulsions. Besides, when MG crystalline structure is formed in the
emulsion, the MG is not only behaving as an emulsiﬁer, but also may
be able to alter emulsion stability.
In the current study, MG was incorporated in O/W emulsions with
tween 20 or whey protein isolate (WPI) as the main emulsiﬁer. It was
aimed to study the crystallizing behavior ofMGand determineMG crys-
tal structures in the emulsions using DSC and synchrotron XRD by vary-
ing storage temperatures, oil droplet size, and emulsiﬁer types. Effects
of MG crystalline structure on emulsion stability against different pHs
and NaCl solutions were also investigated.
2. Materials and methods
2.1. Materials
Dimodan® HR (Danisco, Denmark) was purchased from Cloverhill
Food Ingredients Ltd. (Cork, Ireland). This product contains N90% MG
(glycerol monostearate). WPI (BiPro), containing 71% β-lactoglobulin
and 12% α-lactalbumin, was obtained from Davisco Food International
(Le Sueur, MN, USA). Polyoxyethylene sorbitan monolaurate (tween
20, TW), soybean oil, sodiumazide, Nile red, andNile bluewere all prod-
ucts of Sigma-Aldrich (St. Louis, MO, USA).
2.2. Emulsion preparation
TWorWPI was dispersed in deionizedwater (1%w/w of ﬁnal emul-
sion), and the solutions were kept overnight to ensure complete hydra-
tion. Sodium azide (0.01% w/w) was added as an antimicrobial agent.
For the oil phase, desired amount of MG was mixed with soybean
oil and the mixture was heated to ~75 °C to completely melt and dis-
solve MG. The aqueous and oil phases were subsequently mixed at
5000 rpm for 5min using a Silverson high speed blender (SilversonMa-
chines Ltd., Chesham Bucks, UK) to form a coarse emulsion, which was
further homogenized using an M110-EH Microﬂuidizer (Microﬂuidics
International Corp., Newton, MA, USA) at 50 MPa (0.75 μm Y type
chamber) to produce ﬁne emulsions. The ﬁnal emulsions (TW or WPI
1%, oil 20%, MG 0, 0.5, 1, 2%, w/w, pH 7) were immediately cooled to
room temperature (25 °C)with tapwater, and then stored in incubators
(4, 25 or 55 °C) for future analysis.
In order to make emulsions (TW 1%, oil 20%, MG 2%, w/w) with
bigger droplet size, two other homogenizing equipment, ULTRA-
TURRAX high speed blender (IKA, Staufen, Germany) and Lab-
homogenizer (Delta Instruments, Drachten, the Netherlands), were
applied. With ULTRA-TURRAX, emulsions were prepared at 10,000
rpm for 1 min; with Lab-homogenizer, emulsions were prepared at
4 MPa for 6 cycles.
To study the effects of pH, salt on the properties of emulsions (TWor
WPI 1%, oil 20%,MG 2%,w/w), emulsionswere pH adjusted (using 0.1M
HCl or 0.1 M NaOH) to pHs 3, 4, 5, 7, 9, and 11 or diluted with salt solu-
tions (1:1 dilution) with different NaCl concentrations. The subsequent
stability tests were performed right after the adjustment.
2.3. Zeta potential analysis
Zeta potential of the emulsions was determined by dynamic light
scattering using a Zetasizer Nano-ZS90 (Malvern Instruments,
Worcestershire, UK) at a ﬁxed detector angle of 90°. Emulsions
were diluted to minimize multiple scattering effects prior to each
measurement.
2.4. Particle size analysis
Particle size of the emulsions was determined using a Mastersizer S
laser diffraction instrument (Malvern Instruments, Ltd., Worchestershire,
UK). Emulsions were diluted in deionized water in the sample presenta-
tion unit. For the measurement, laser obscuration level was set at 14%,
and particle and dispersant refractive index were chosen as 1.46 and
1.33, respectively, with 3NDHpresentation. d43 based on droplets volume
was reported as droplet size.
2.5. Emulsion stability analysis
Emulsion stability was evaluated using a multisample analytical
centrifuge (Lumifuge, LUM GmbH, Berlin, Germany). Emulsions
were transferred to rectangular cells (2 × 8 mm) and analyzed by
a light beam emitted at near infrared wavelength (880 nm) which
scanned the sample cells over the total length. The charge coupled device
(CCD) line sensor received light transmitted through the sample, which
showed a pattern of light ﬂux as a function of the radial position, giving
amacroscopicﬁngerprint of the sample at a given time, fromwhich emul-
sion instability, such as creaming, sedimentation, and droplet aggregation
could be detected. In the current study, samples were centrifuged at
1500 rpm (286.8 ×g) and 25 °C at a scanning rate of once every 30 s for
2.1 h. The result was expressed as the integrated transmission percentage
against time. Its rate is a measurement of creaming stability, with lower
values indicating better creaming stability.
2.6. Differential scanning calorimetry
The melting and crystallization behaviors of MG in emulsions were
analyzed using a DSC Q2000 differential scanning calorimeter (TA In-
struments, Crawley, UK), on the day of sample preparation (D1), after
3 days (D4) and 6 days (D7). Approximately 15–20 mg of each sample
was prepared in a Tzero pan, which was sealed with a Tzero hermetic
lid. An empty pan was used as a reference. The DSC sample pans were
heated from 4 or 25 °C to 80 °C at a heating rate of 5 °C/min to track
the melting of the crystals formed in the emulsion. In some occasions,
an immediate cooling cycle to 5 °C at the same rate was applied. The
DSC was calibrated with indium at a heating rate of 5 °C/min.
2.7. Viscosity analysis
Viscositymeasurements were performed using an AR 2000ex rheom-
eter (TA Instruments). A DIN and concentric cylinder geometry (stator
inner radius = 15 mm, rotor outer radius = 14 mm) was selected, and
~15 ml of each sample was placed into the inner cylinder, equilibrated
for 2 min before measurement. In order to minimize the effect of water
evaporation, a thin layer of silicone oil was added to the surface of the
sample. The test was performed over a shear rate range of 10–300 s−1
at 25 °C.
2.8. Synchrotron X-ray diffraction analysis
Synchrotron X-ray diffraction (XRD) patterns were recorded at the
X-ray diffraction beam-line 5.2 at the synchrotron radiation facility of
Elettra located in Trieste (Italy). The X-ray beam emitted by the wiggler
source on the Elettra 2 GeV electron storage ringwasmonochromatized
by a Si (111) double crystalmonochromator, focused on the sample and
82 L. Mao et al. / Food Research International 58 (2014) 81–88
collimated by a double set of slits giving a spot size of 0.2 × 0.2 mm. A
drop of samplewas lodged into a premounted cryoloop for single crystal
experiments (loop diameter 0.7–1.0 mm) (Hampton Research HR4-
965, Aliso Veijo, CA, USA). Sample temperature was controlled by
means of a 700 series cryocooler (Oxford Cryosystems, Oxford, UK). Sin-
gle shot experiments were performed at 25 °C. Temperature ramp ex-
periments were performed at the same rates as the DSC experiments
(heating from 25 °C to 90 °C and then cooling to 0 °C at 5 °C/min).
Data were collected at a photon energy of 8.266 KeV (λ = 1.5 Å),
using a 2M Pilatus silicon pixel X-ray detector (DECTRIS Ltd., Baden,
Switzerland). Bidimensional patterns collected with Pilatus were cali-
brated by means of a LaB6 standard and integrated using the software
FIT2D to obtain series of powder-like patterns. The 2θ range observed
spanned from 1.5 to 52°. The high brilliance source was used to observe
weak structures, which helped to analyze the diffraction patterns. Peak
positions of XRD patterns obtained by the crystalline phaseswere found
byWinplotr. The falls observed in the patterns at deﬁned q values were
due to the detector modality of data acquisition.
2.9. Microstructure observation
Confocal scanning laser microscopy was used to observe the micro-
structure of the emulsions. A drop of the emulsion was transferred to a
glass slide and stained with Nile red (0.1%, w/v, in distilled water) or
Nile blue (0.1%, w/v, in distilled water). Confocal observation was per-
formed using a Leica TCS SP5® microscope (Leica Microsystems
GmbH, Wetzlar, Germany). Images of representative areas of each
sample were taken using a 63× oil immersion objective (numerical
aperture = 1.4) at excitation wavelengths of 488 and 633 nm provided
by Ar and He/Ne lasers, respectively.
2.10. Statistical analysis
Statistical analysis was performed using OriginPro 7.5. All the mea-
surements were repeated at least three times. A one-way analysis of
variance (ANOVA), followed by Tukey's test, was applied to determine
signiﬁcant differences between themean values of each test. The signif-
icance level of p b 0.05 was used throughout the study.
3. Results and discussion
3.1. Crystallization of MG in O/W emulsions
The formation of MG polymorphic crystals in the emulsions was time
and temperature dependent (Fig. 1). On the day of emulsion preparation
(D1, 25 °C),MGonly showed aweakmelting peak (P1) at 57.39±0.04 °C
(with amelting enthalpy of 0.41±0.01 J/g) (Table 1). After 3 days of stor-
age (D4, 25 °C), P1 transferred to a bigger peak (P2) at 62.02 ± 0.28 °C.
Further storage (D7) did not see a signiﬁcant change in peak temperature
and melting enthalpy (Table 1), indicating that stable crystals were
formed and maximum crystallinity was reached. Based on literature
data, MG crystals at P1 and P2 probably corresponded to the α form
and β form crystals (Vereecken et al., 2009). When the emulsion was
stored at 4 °C, a third melting peak (P3) was observed at 17.01 ±
0.03 °C, and it corresponded to sub-α form MG crystals (Chen &
Terentjev, 2010; Vereecken et al., 2009). The hydration of the glycerol in
the bilayer resulted in the formation of a thin layer inside the inverse la-
mellar bilayer, which disturbed the packing of MG molecules, leading to
a decrease in the crystallization temperature of sub-α form crystals
(Chen & Terentjev, 2010). On D7, the three forms of MG crystals (at P1,
P2, and P3) were present, indicating a polymorphic transformation of
sub-α and α form MG crystals to β form crystals (Chen & Terentjev,
2010; Vereecken et al., 2009). It was also presented that MGwas crystal-
lizing at amuch lower rate at 4 °C, and it would take longer time to reach
the highest crystallinity.When the emulsionwas stored at 55 °C, nomelt-
ing peakwas detected throughout the study. It was because that the crys-
tals at P1 (α-form crystals, previously formed on D1) were melted at
55 °C, and the subsequent polymorphism transformation did not occur
and no crystals were eventually formed.
In terms ofMG crystallizing behavior inWPI emulsion (Fig. 2), it was
quite different from that in TW emulsion. The DSC proﬁle shows that
MG crystals formed on D1, and remained stable thereafter. Emulsions
stored at 4 and 25 °C had a similar MG thermal behavior, with melting
peaks at ~59.6 °C. The melting peaks shifted to ~62.8 °C when WPI
emulsion was stored at 55 °C. By calculating the melting enthalpy of
MG crystals along the storage test, it was found that most crystals
were formed on D1, and the following storage only gave a slight in-
crease in the crystallinity. For example, at 25 °C, the crystals had amelt-
ing enthalpy of 0.39± 0.02 J/g on D1, and the value increased to 0.45±
0.11 and 0.48 ± 0.08 J/g on D4 and D7, respectively. The lower melting
enthalpy here suggested that only a small amount of MG crystals was
formed in WPI emulsion, compared to that in TW emulsion. Therefore,
emulsiﬁer type affected the crystallinity of MG in emulsion systems.
As a surface active small molecule emulsiﬁer, MG is ready to be
adsorbed at the droplet surface once water–oil interface is formed, al-
though most MG still remains in the oil phase in an O/W emulsion. In
a previous study, addition of MG into TW emulsion resulted in reduced
droplet size and increased creaming stability, indicating that MG con-
tributed to form a stronger interface (Mao, O'Kennedy, Roos, Hannon,
& Miao, 2012). While in the case of WPI emulsion, different interaction
modes between WPI and MG could be expected. Proteins could be
displaced from droplet surface by MG (Pelan, Watts, Campbell, & Lips,
1997; Pugnaloni, Dickinson, Ettelaie, Mackie, & Wilde, 2004) or they
could form lipid–protein complexes (Boots, Chupin, Killian, Demel, &
de Kruijffe, 1999; Leenhouts, Demel, de Kruijff, & Boots, 1997). The
determination of surface charge showed that the zeta-potential of 2%
w/w MG structured emulsion (−26.1 ± 0.4 mV) was just about half
the value of that of unstructured emulsion (−45.4 ± 0.2 mV), which
suggested that the protein at the interface was partially displaced by
MG. The mixture of MG and protein at the interface formed a complex
ﬁlm, which could strengthen the barrier properties of the interface.
The complexation originated from the insertion of β-lactoglobulin
(the main component of WPI) into the MG structure, which also modi-
ﬁed the thermal properties of MG (Anker, Berntsen, Hermansson, &
Stading, 2002; Boots et al., 1999).
Compared to the MG–oil–water gel and MG–oil solution, where MG
crystallization commences soon after preparation, the emulsion sys-
tems in this study showed lower rates of MG crystallization. This was
due to the lower concentration of the MG in the system and the effect
of emulsiﬁcation. Literature results have suggested that crystals had
decreased nucleation rates in emulsions with micrometer-size or
nanometer-size droplets, which was probably due to the dilution of
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Fig. 1. Effect of storage temperatures on the melting behaviors of MG in emulsions stabi-
lized by TW on day 1 (D1), day 4 (D4) and day 7 (D7) (TW 1%, oil 20%, MG 2%, w/w). All
the emulsions were originally prepared at 25 °C.
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nucleation-catalytic impurities by the emulsiﬁcation process (Sonoda,
Takata, Ueno, & Sato, 2006; Vereecken et al., 2009). More speciﬁcally,
in bulk liquid oil guest molecules and foreign surfaces may catalyze nu-
cleation. Once such a liquid is subdivided into very small particles
through homogenization (in this study, d43 of TW emulsion was
0.43 μm, and that of WPI emulsion was 0.48 μm), the concentration of
catalytic impurities in each droplet will vary signiﬁcantly and some-
times may even be absent (Povey, 2001). Although a large interfacial
area is believed to promote crystallization due to surface crystallization
and droplet collision (Povey, 2001), the presence of an interfacial ﬁlm
composed of TW or WPI in the current emulsion systems may inhibit
this process.
In order to get more information about the structure of MG crystals
formed in the emulsions, synchrotron X-ray diffraction (XRD)was used
to study theMG crystals in TWandWPI emulsions at 25 °C. Synchrotron
facilities have been widely used as a preferred source for X-ray diffrac-
tion over conventional X-ray tube, due to the high brightness and colli-
mation of synchrotron beam and the broad band nature of the
synchrotron radiation. Fig. 3 shows the XRD patterns of MG in TW and
WPI emulsions. The XRD pattern of MG powder was reported as a con-
trol. In the small angle region the main peak of TW emulsion was posi-
tioned at 49.5 Å followed by its reﬂections at 24.79, 16.58, and 12.47 Å.
These sequences (1, 1/2, 1/3 and 1/4) are characteristic of lamellar or-
dering. In the meanwhile, wide angle peaks were observed at 4.73,
4.54, 4.40, 4.28, 4.09, 3.94, 3.85, 3.77, and 3.70 Å. The thickness of the la-
mellar bilayer (49.5 Å) as well as interplanar distances of wide angle
peaks are in a good agreement with literature data reporting the pres-
ence of β form crystals in MG–oil–water systems (Chen & Terentjev,
2010). It is interesting to note that MG powder and TW emulsion had
very similar XRD patterns in most scanning regions, probably because
MG crystals in these two systemswere both in the stable β-form. Differ-
ences in wide angel region could be due to the fact that MGwas hydrat-
ed in the emulsion, or the emulsiﬁer (TW) produced some effect on the
structure of MG crystals. Regarding the XRD pattern of MG structured
WPI emulsion, a clear diffraction peak was detected once again at
49.01 Å, which indicated the presence of a lamellar organization in the
system. Few other peaks can be detected (22.98, 16.24, 4.55 Å) at a
lower interplanar distance. The peaks weremostly of very low intensity
as showed in Fig. 3. Therefore, the level of lamellar organization of MG
was vey low in WPI emulsion, because of the lower crystallinity of MG
in the emulsion as previously observed by DSC.
To track the kinetics ofMG crystallization in the emulsion, an imme-
diate cooling cycle was carried out after the melting of MG crystals in
TW emulsions during DSC test (Fig. 4). The DSC curve shows that two
crystallizing peaks were formed during cooling, with the same peak
temperatures as P1 and P3 (Fig. 1), representing α and sub-α forms of
the crystals. This ﬁnding conﬁrmed that the stable β-form crystals
were not originally formed, but were transformed from the two meta-
stable forms (Chen & Terentjev, 2010; Vereecken et al., 2009). The for-
mation of α-form and sub-α form crystals was affected by the size of
the oil droplets in the emulsions. Fig. 4 illustrates the crystallizing be-
havior of MG in three TW emulsions with different droplet sizes. Emul-
sions prepared with microﬂuidizer (I), with Lab-homogenizer (II), and
with ULTRA-TURRAX (III) had droplet sizes (d43) of 0.43, 0.64, and
1.85 μm, respectively. It was found that in the emulsion I, MG tended
to form α-form crystal at a much higher temperature (with an onset
temperature of 57.68 °C), whereas in emulsion II and emulsion III, the
formation of the crystals was well delayed (onset temperatures were
52.12 and 48.64 °C, respectively). However, crystallizing enthalpy of
theMG crystals in the three emulsionswas quite close to each other, al-
though the crystallizing peaks in emulsions II and III were tailed. On the
other hand, the formation of sub-α type crystals had a similar onset
temperature at ~15 °C in the three emulsions.
XRD analysis revealed more information about the structure of the
transition forms of MG crystals developed during cooling. Fig. 5 de-
scribes that the diffraction patterns of the emulsion cooled down from
70 to 0 °C. In the small angle region the main peak appeared at 48.2 Å
followed by a corresponding reﬂection, conﬁrming previously reported
data on lamellar thickness (Fig. 5A). The wide angle revealed a particu-
larly strong reﬂection at 4.17 Å (Fig. 5B). As reported by Chen and
Terentjev (2010), typical peaks at 4.17 Å were attributed to 2D hexago-
nal packing of glycerol heads in the α-form. At 44 °C the peak slightly
Table 1
Melting peak temperature (Tp) and melting enthalpy (ΔH) of MG crystals in TW/WPI emulsions (TW or WPI 1%, oil 20%, MG 2%, w/w) (D4, 25 °C).
TW emulsion WPI emulsion
D1 D4 D7 D1 D4 D7
Tp (°C) 57.39 ± 0.04 62.02 ± 0.28 62.56 ± 0.05 59.80 ± 0.20 59.76 ± 0.16 59.59 ± 0.04
ΔH (J/g) 0.41 ± 0.01 2.14 ± 0.21 2.22 ± 0.05 0.39 ± 0.02 0.45 ± 0.11 0.55 ± 0.08
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shifted to 46.2 Å and a new series of peaks at 4.28, 4.16, 4.14, 3.99, and
3.83 Åwere identiﬁed. The positions of these peakswere typical charac-
teristics of a sub-α orderingwhich is characterized by the orthorhombic
unit cell packing (Chen & Terentjev, 2010, 2011).
3.2. Effect of MG crystallization on emulsion properties
The formation of MG crystals largely inﬂuences rheological properties
of emulsions:MG structured emulsions had a gel-like behavior, with stor-
age modulus dominated loss modulus (Calligaris, Pieve, Arrighetti, &
Barba, 2010; Mao et al., 2012). In the current study, TW emulsions were
near Newtonian with a very low viscosity when no MG crystal was
formed (Fig. 6). When MG concentration was N1% w/w, the emulsions
presented shear-thinning behavior when stored ≥3 days and emulsions
had a higher bulk viscosity when more MG was included. The increased
viscosity was attributed to the crystallization of MG inside oil droplets,
which entrapped oil molecules resulting in higher resistance to the
shear rate. Besides, droplet association could take place due toMGgel net-
work at the interface of neighboring droplets, and itmodiﬁed the rheolog-
ical properties of the emulsions (Marangoni et al., 2007). On the contrary,
the WPI emulsions remained Newtonian over the storage (data not
shown), probably because of the lower crystallinity of MG.
Confocal laser scanningmicroscopy observation (Fig. 7) showed that
MG structured TW emulsion (A2) had a much smaller droplet size than
the emulsion without MG (A1). Careful examination of the microscopic
images indicated that oil droplets were better distributed in the TW
emulsion without MG, although some coalescence was present. In MG
structured TW emulsion, it had higher droplet population in some
region, leaving other regions free of droplets. The ﬁnding could have re-
sulted from the network of MG crystal at the interface, which brought
Fig. 4. Effect of droplet size on the crystallizing behaviors of MG in TW emulsions (TW 1%,
oil 20%, MG 2%, w/w).
Fig. 5. Small angle diffraction (SAXD) (A) andwide angle diffraction (WAXD) (B) patterns as a function of temperature recorded during cooling of TW emulsion (TW 1%, oil 20%, MG 2%, w/w)
from 90 to 0 °C at 5 °C/min. The empty region in the WAXD patterns originated from the blind region of the 2M Pilatus detector.
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neighboring droplets together (Batte et al., 2007a, 2007b). But the net-
work did not lead to many bigger droplets, as the droplets were well
separated. In the WPI emulsion, inclusion of MG did not show much
effect on droplet distribution. It was found that WPI in the structured
emulsion was behaving differently. The protein was aggregated in the
structured emulsion (B2), while it was homogeneously distributed in
the unstructured emulsion (B1). In the structured emulsion, protein
molecules inserted into MG layers at the interface, which could modify
the conformation of the protein (Anker et al., 2002; Boots et al., 1999),
and made it more sensitive to the heat treatment during emulsion
preparation.
Emulsions with a mixture of TW and MG had improved stability at
neutral conditions (Mao et al., 2012). In the current study, the stability
of MG structured emulsions against different pHs (3–11) and NaCl con-
centrations (0–200 mM) was evaluated. Fig. 8 illustrates the stability
evolution of emulsions containing WPI using Lumifuge. The integral
transmission values represented the ratio of light transmitted from
the sample, and the change of the light detected could be a sign of drop-
let movement (e.g., aggregation, phase separation). For MG structured
WPI emulsions, the transmitted light signal increased dramatically in
the initial 20minwhen pHs of the emulsionswere adjusted to the acidic
region (pHs 3, 4, 5), indicating fast creaming in these samples. For emul-
sions subjected to neutral or basic pHs (7, 9, 11), the transmitted light
signal kept stable, suggesting higher creaming stability (Fig. 8A). For
the unstructuredWPI emulsion higher creaming ratewas only observed
at pH 5 (data not shown), where the oil droplets were poorly charged
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Fig. 7. Confocal laser scanning microscopic pictures of the emulsions (D4). A1: TW emulsion without MG; A2: TW emulsion with MG; B1: WPI emulsion without MG; B2: WPI emulsion
with MG (TW or WPI 1%, oil 20%, MG 0 or 2%, w/w).
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and droplets were easily aggregated. On the other hand, when
MG structured WPI emulsions were subjected to salt solutions, fast
creaming took place at NaCl concentration ≥50 mM (Fig. 8B), whereas
the unstructured emulsions were stable throughout the salt concentra-
tions studied. WPI displacement by MG could account for the poor sta-
bility of the emulsions (McClements, 2005). After replacement, the
remained protein at the interface could not provide a sufﬁcient repul-
sion force against droplet aggregation when subjected to lower pH
and NaCl solutions, which promoted fast creaming. Second, the interac-
tion between WPI and MG resulted in conformational change of the
protein (Anker et al., 2002; Boots et al., 1999), making it more sensitive
to pH change and salt solutions. MG structured TW emulsions were
rather resistant to pH change and NaCl solutions, and only a slight
change of the transmitted light signal was observed (result not
shown), indicating higher creaming stability. It was probably because
the two types of small molecule emulsiﬁers could coexist at the inter-
face, and both contributed to the creaming stability at adverse condi-
tions. MG lamellar phase is sensitive to the change of pH and salt
concentrations, as they greatly affect the swelling of lamellar phase
and the water inclusion (Batte et al., 2007a; Chen & Terentjev, 2010).
However, change in the crystalline structure did not show a large effect
on the emulsion stability in this study, probably because of the lower
crystallinity of MG at the interface, and the crystals inside oil droplets
were protected by the interfacial ﬁlm.
4. Conclusions
MG could self-assemble into different types of crystals in O/W emul-
sions, and modify emulsion properties. The crystals packed in lamellar,
hexagonal and orthorhombic styles, depending on storage tempera-
tures and time. The presence of other emulsiﬁers changed the crystallin-
ity of MG and the polymorphic transition of MG crystals, leading to
signiﬁcantly different rheological properties of the emulsion. MG struc-
tured WPI emulsions became sensitive to the environmental stresses,
e.g., pH, NaCl solutions, while MG structured TW emulsions were resis-
tant to these stresses. Therefore, when MG structured emulsions were
included in food systems, the effects of coexistent ingredients and envi-
ronmental conditions should be considered. Future study can be carried
out to understand the mechanisms of polymorphic transition of MG
crystals in emulsions, and physicochemical properties of the different
crystals, for a better application of MG structured emulsions as delivery
systems for bioactive compounds.
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Volatile Release from Self-Assembly Structured Emulsions: Eﬀect of
Monoglyceride Content, Oil Content, and Oil Type
Like Mao,†,§ Yrjö H. Roos,§ and Song Miao*,†
†Teagasc Food Research Centre, Moorepark, Fermoy, Co. Cork, Ireland
§School of Food and Nutritional Sciences, University College Cork, Cork, Ireland
ABSTRACT: Monoglycerides (MGs) can form self-assembled structures in emulsions, which can be used to control volatile
release. In this study, initial headspace concentrations (Cinitial), maximum headspace concentrations (Cmax), release rates, and
partition coeﬃcients of propanol, diacetyl, hexanal, and limonene were determined in MG structured oil-in-water emulsions
using dynamic and static headspace analyses. For all of the volatile compounds, Cinitial values above structured emulsions were
signiﬁcantly lower than those above unstructured emulsions and decreased with increasing MG contents (p < 0.05). However,
volatiles had higher release rates in emulsions with higher MG contents. When oil content was reduced from 20 to 10%, Cinitial
and Cmax increased for limonene and hexanal and decreased for propanol and diacetyl. When diﬀerent oils were applied, both
Cinitial and Cmax were signiﬁcantly lower in medium-chain triglyceride emulsions than in soybean oil emulsions (p < 0.05). Static
headspace analysis revealed that volatile compounds had signiﬁcantly lower air−emulsion partition coeﬃcients in the structured
emulsions than in unstructured emulsions (p < 0.05). These results indicated that MG structured emulsions can be potentially
used as delivery systems to modulate volatile release.
KEYWORDS: emulsion, volatile release, monoglyceride, self-assembled structure, headspace, partition coeﬃcient
■ INTRODUCTION
Volatile ﬂavor compounds are perceived when they are in
contact with olfactory receptors either orthonasally by sniﬃng
or retronasally by volatile migration during mastication.
Headspace volatile concentration and speed of volatile release
could largely inﬂuence ﬂavor perception. Volatile release from
emulsions is dependent on the physicochemical properties of
the volatile compounds and the ingredients in the emulsions
and their concentrations,1−4 as well as emulsion properties
(e.g., droplet size, viscosity).4−6 Of these factors in oil-in-water
(O/W) emulsions, oil plays a dominant role on volatile release.
Oils can act as volatile precursors, as solvents for volatiles, and
as volatile release modulators.7 Variation in oil content or oil
nature may lead to signiﬁcantly diﬀerent volatile release proﬁles.
It has been well documented that reduction in oil content can
promote the release of lipophilic volatile compounds, and
headspace concentration of volatiles above an emulsion with
lower oil content was normally higher.1,8−10 Fat-free products
therefore often show an undesirable transient volatile burst, as
the release is not mediated by a fat phase.11 Only a small
portion of the volatile ﬂavors are hydrophilic, and they behave
diﬀerently. Several studies showed that the release of
hydrophilic volatile compounds was not, or even positively,
aﬀected by increasing oil contents.9,11,12 On the other hand,
diﬀerent types of oils varying in fatty acid composition (e.g.,
chain length, saturation level, chain arrangement) and physical
state (solid/liquid fat ratio) had diﬀerent aﬃnities for volatile
compounds, giving diﬀerent eﬀects on volatile release.11,13,14
Moreover, oil can inﬂuence volatile release indirectly by
changing emulsion properties.4 In some systems, the impact
of oil was so dominant that binding eﬀects of other food
ingredients (e.g., proteins) to volatile compounds were
insigniﬁcant.13,15
Monoglycerides (MGs) are common food emulsiﬁers, and
they can be used to modify oil properties.16,17 When MG is
dispersed in oil above the melting point, it forms self-assembled
structures (liquid crystals) on cooling.18 Such crystalline
structures can be used as delivery systems, to protect sensitive
bioactive substances, to solubilize drugs, and to control the
release of active compounds.16,19 Furthermore, in an oil−water
dispersion MG could develop into a highly hydrated crystalline
lamellar phase (Lα) and form a mesomorphic gel with some
solid fat-like characteristics, which could be used in fat-reduced
food.20,21 The use of MG self-assembled structures to control
volatile release from emulsions has only been reported recently.
In MG structured W/O microemulsions, Vauthey et al.22 found
increased volatile release of both lipophilic and hydrophilic
compounds, whereas Landy et al.23 reported that lipophilic
volatile compounds were retained at a higher level in MG
structured emulsions, in comparison with unstructured W/O
emulsions. In MG structured oil-in-water gel systems, Calligaris
et al.21 discovered that the equilibrium concentration of
limonene in the headspace of MG gel was signiﬁcantly lower
than that of a conventional emulsion. Phan et al.24 made MG
structured O/W emulsions with low oil content, in which
delayed volatile release was also observed. Therefore, emulsions
containing MG self-assembled structures have some potential
to act as delivery systems for volatile compounds. However,
further studies are required to better understand the inﬂuence
of MG self-assembled structures on volatile release from
emulsion systems.
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The aim of the present study was to investigate the eﬀects of
MG content, oil content, and oil type on the release behavior of
four volatile compounds from emulsions containing MG self-
assembled structure. MG formed crystalline structure in Tween
20 stabilized O/W emulsions, and volatile release modiﬁed by
MG structure was measured by GC headspace analysis
(dynamic and static studies). The knowledge obtained in this
study might be useful in the development of novel foods with
improved ﬂavor proﬁles.
■ MATERIALS AND METHODS
Materials. Dimodan HR (Danisco, Denmark) was purchased from
Cloverhill Food Ingredients Ltd. (Cork, Ireland). This product
contained >90% MG (glycerol monostearate). Medium-chain
triglyceride (MCT) was kindly oﬀered by Lonza Inc. (Williamsport,
PA, USA) and contained 71% caprylic acid and 29% capric acid.
Polyoxyethylene sorbitan monolaurate (Tween 20), soybean oil (SO),
sodium azide, and four volatile compounds, that is, 1-propanol
(>99.5% purity), diacetyl (>99.5% purity), hexanal (>98% purity), and
(R)-(+)-limonene (>97% purity), were all products of Sigma-Aldrich
(St. Louis, MO, USA).
Emulsion Preparation. Tween 20 was dispersed in deionized
water (1% w/w of ﬁnal emulsion), and sodium azide (0.01% w/w) was
added as an antimicrobial agent. For the oil phase (10 or 20% w/w),
diﬀerent amounts of MG were mixed with SO (or MCT), and the
mixture was heated to ∼75 °C to completely dissolve MG. The
aqueous and oil phases were subsequently mixed at 5000 rpm for 5
min using a Silverson high-speed blender (Silverson Machines Ltd.,
Chesham Bucks, UK) to form a coarse emulsion, which was further
homogenized using an M110-EH Microﬂuidizer (Microﬂuidics
International Corp., Newton, MA, USA) at 50 MPa for one pass. In
microﬂuidization, a 75 μm Y-type ceramic interaction chamber was
used, together with a 200 μm Z -type auxiliary processing module. The
ﬁnal emulsions were immediately cooled to room temperature (25 °C)
with tap water and then stored in an incubator at 25 °C for future
analysis.
Emulsion Characterization. Droplet sizes of the emulsions were
determined by dynamic light scattering using a Zetasizer Nano-ZS90
(Malvern Instruments, Worcestershire, UK) at a ﬁxed detector angle
of 90°. Results were described as intensity mean diameter (size, nm),
and polydispersity index (PdI) for size distribution.
Viscosity measurements were performed using an AR 2000ex
rheometer (TA Instruments, Crawley, UK), equipped with a DIN and
concentric cylinder geometry (stator inner radius = 15 mm, rotor
outer radius = 14 mm, gap = 5920 μm). The test was performed over a
shear rate range of 0−300 s−1 at 25 °C.
Diﬀerential Scanning Calorimetry. Thermal behaviors of MG in
structured emulsions were analyzed using a DSC Q2000 diﬀerential
scanning calorimeter (TA Instruments), on the day of sample
preparation (D1), after 3 days (D4, stored at 25 °C), and after 6
days (D7, stored at 25 °C). Approximately 15−20 mg of each sample
was prepared in a Tzero pan, which was sealed with a Tzero hermetic
lid. An empty pan was used as a reference. The DSC sample pans were
heated from 25 to 80 °C at 5 °C/min to track the melting of the
crystals formed in the emulsion. The DSC was calibrated with indium
at a heating rate of 5 °C/min.25
Flavoring of Emulsions. Stock solutions of volatile compounds
were prepared by mixing four volatiles in ethanol (10% v/v for each
volatile) at room temperature and equilibrated for at least 1 h.
Emulsion ﬂavoring was then performed by adding volatile solution
into emulsions in gastight glass vials (20 mL, silicone/PTFE seals)
(La-pha-pack GmbH, Langerwehe, Germany) to reach a concentration
of 1000 mg/L for each volatile. The vials were fully ﬁlled to minimize
volatile losses. Emulsions were stored at 25 °C, and headspace analysis
was done on the day of emulsion ﬂavoring (D1) or three days after
(D4).
Dynamic Headspace Analysis. Headspace concentrations of the
volatiles at diﬀerent time points were measured using a Varian CP-
3800 gas chromatograph (Varian Inc., Palo Alto, CA, USA) equipped
with a ZB-5MSi capillary column (60 m, 0.25 mm i.d., ﬁlm thickness =
0.25 μm) and coupled with a FID detector. Flavored emulsion (2 g)
was rapidly transferred to a 20 mL headspace vial and capped
immediately (silicone/PTFE seals) (La-pha-pack GmbH). The vials
were incubated at 37 °C (close to temperature in oral cavity) in a
Combi PAL autosampler (CTC Analytics AG, Zwingen, Switzerland).
The dynamic condition was created by varying the incubation time
(from 30 s to 60 min). Pre-experiment showed that suﬃcient
headspace concentration was created after 30 s of incubation, and it
was chosen as the start sampling point. Injections of the headspace (1
mL) were performed using a preheated (42 °C) 2.5 mL thermostated
gastight syringe (Hamilton, Bonaduz, Switzerland) under split mode
(1:10). Injector and FID temperatures were, respectively, 225 and 230
°C. The helium carrier gas velocity was 1 mL/min. The temperature
program was 50 °C (4 min), raised to 200 °C at 10 °C/min rate and
to 240 °C at 40 °C/min rate (2 min).26
Initial headspace concentration (Cinitial, sampling after 30 s of
incubation), maximum headspace concentration (Cmax, the highest
concentration during incubation), and release rates were adopted to
describe dynamic volatile release. To quantify the concentrations of
the volatiles in the headspace, calibration curves of the four volatiles
were plotted using peak areas obtained from GC analysis against six
known concentrations of each volatile in ethanol. The completely
vaporized volatile−ethanol solution was analyzed according to the
above GC methods. Results were based on triple analyses. The
dynamic release of the volatiles from emulsions was expressed by
plotting the headspace concentrations of each volatile (mg/L) against
incubation time (min) at 37 °C. Slopes of the initial linear part of the
release curves were taken as release rates (mg/L min).
Determination of Air−Emulsion Partition Coeﬃcients. Air−
emulsion partition coeﬃcients (KA/E) were determined by calculating
the ratio of volatile concentrations in the headspace and emulsion
matrix at equilibrium. Headspace concentrations were measured
through static headspace analysis using the same GC method as
described in dynamic headspace analysis, and samples were incubated
at 37 °C for 60 min. Volatile concentration remaining in the emulsion
Table 1. Formulation Map of the Emulsions Tested and Properties of the Emulsionsa (Mean ± SD, n ≥ 3)
oil typeb oil content (%) MGc content (%) size (nm) PdId viscositye (mPa.S)
SO 20 0 283.7 ± 2.6a 0.26 ± 0.01 3.40 ± 0.16a
SO 20 0.5 277.3 ± 1.9b 0.24 ± 0.02 14.05 ± 0.68b
SO 20 1 254.7 ± 1.8c 0.22 ± 0.01 16.52 ± 0.90c
SO 20 2 205.4 ± 2.4d 0.16 ± 0.01 58.52 ± 2.13d
SO 10 0 258.3 ± 2.2c 0.12 ± 0.02 3.30 ± 0.12a
SO 10 2 192.2 ± 2.3e 0.18 ± 0.01 36.40 ± 0.85e
MCT 20 0 294.8 ± 3.0f 0.32 ± 0.03 3.45 ± 0.20a
MCT 20 2 183.9 ± 5.7g 0.08 ± 0.01 48.72 ± 1.52f
aProperties were measured after 3 days of storage (25 °C). Within a column, values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05). bSO,
soybean oil; MCT, medium-chain triglyceride. cMG, monoglyceride. dPdI, polydispersity index. eViscosities were obtained at the shear rate of 100
s−1 (25 °C).
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was then calculated by subtracting headspace volatile from the
originally added volatile during emulsion ﬂavoring.
Statistical Analysis. Statistical analysis was performed using
OriginPro 7.5. All of the measurements were repeated at least three
times. A one-way analysis of variance (ANOVA), followed by Tukey’s
test, was applied to determine signiﬁcant diﬀerences between the mean
values of each test. A signiﬁcance level of p < 0.05 was used throughout
the study.
■ RESULTS AND DISCUSSION
The emulsions had droplet sizes ranging from 183.9 to 283.7
nm, with diﬀerent viscosities due to various oil compositions
(Table 1) after 3 days of storage. They were stable during the
testing period, and no creaming or phase separation was
observed.
Formation of MG Self-Assembled Structure and
Volatile Release. It was reported that in the MG structured
oil-in-water gels, MG crystalline structure was formed soon
after gel preparation.20 In the present O/W emulsion systems,
MG crystalline structure was developed gradually. The DSC
thermogram (Figure 1) showed that only a weak melting peak
of MG was present in the emulsion containing 2% MG on D1,
which later transferred to a big peak after 3 days of storage
(D4) and remained stable during the subsequent storage (D7).
Microﬂuidization broke oil droplets to submicrometer size and
reduced concentration of impurity for nucleation, which was
the main reason for the lower crystallizing rate of MG in
emulsion.27 The two peaks at diﬀerent melting temperatures
corresponded to the transient α form crystal and stable β form
crystal.17,25
In the current O/W emulsions, MG crystalline structure was
most likely present in the oil phase and at the interface.
Yaghmure et al.28,29 studied emulsions containing monogly-
ceride (with other surfactants), and reported the existence of
crystalline MG in the dispersed particles using cryo-TEM (with
fast Fourier transform). The result was also conﬁrmed by small-
angle X-ray scattering (SAXS) measurements. The crystalline
MG in the oil droplets formed hydrophilic domains, with size
smaller than 7 nm. This type of emulsion is obviously diﬀerent
from a water-in-oil-in-water (W/O/W) double emulsion, as the
inner MG hydrophilic domains are self-assembly formed. It was
also revealed that the shapes of crystalline domains in the oil
droplets were neither hexosomes nor cubosomes (as normally
observed in MG−water or MG−oil dispersions), but more
circular. Batte et al.20,30 reported MG crystalline structure
covering oil droplets in MG−oil−water gels (O/W emulsions,
with cosurfactant) through polar light microscopy, and they
proposed the crystalline structure to be lamellar as XRD results
indicated. They found that interfacial MG was continuous from
one droplet to the next, forming a network with oil droplets
being trapped. In fact, many emulsiﬁers possibly exist at the
interface and in bulk phase. This phenomenon was widely
reported in studies where a single surfactant was used to
stabilize emulsions, and unabsorbed surfactant would stay in
favorable phase forming micelles or reverse micelles.17
Although MG was reported to be able to form crystalline
structure in water phase,18 it was less likely to happen in the
current system because MG was ﬁrst dissolved in the oil phase
and MG has very low water solubility. With the formation of
stable crystalline structure, the emulsions presented gel-like
behaviors and higher viscosity, which were due to the network
of MG crystals.20,21
Meanwhile, the presence of MG crystalline structure aﬀected
the release behavior of volatiles incorporated in emulsions.
Figure 2 illustrates the typical release curves of four volatile
compounds from emulsions. The release of each volatile
followed a linear curve (r2 ranging from 0.94 to 0.99) in the
beginning stage (from 30 s to 6 min) and reached equilibrium
within 60 min. The initial headspace concentration (Cinitial) and
maximum headspace concentration (Cmax) of each volatile in
diﬀerent emulsion systems were compared. Figure 3A shows
the Cinitial of four volatile compounds above unstructured
emulsions (emulsions without MG) and of structured
emulsions (emulsions with MG) on D1 and D4. It
demonstrates that Cinitial values from structured emulsions
were signiﬁcantly lower than those from unstructured
emulsions for all of the volatile compounds (p < 0.05), and
the diﬀerentiation was higher for limonene and hexanal than for
propanol and diacetyl. In the structured emulsions, the volatile
compounds had lower Cinitial on D4 than on D1, because less
crystalline structure was formed on D1 as indicated from the
DSC result (Figure 1).
In terms of Cmax, which represents the highest accumulated
headspace concentration within the incubation period, the four
volatile compounds were behaving diﬀerently (Figure 3B). All
Figure 1. Melting behaviors of MG in emulsions (SO, 20% w/w; MG,
2% w/w) on day 1 (D1), day 4 (D4), and day 7 (D7) (DSC heating
rate = 5 °C/min).
Figure 2. Representative release curves of the volatiles from MG
structured emulsions (MG, 2% w/w; SO, 20% w/w). (Inset) Linear
releasing range. Error bars represent standard errors.
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of the volatiles had lower Cmax in structured emulsions than in
unstructured emulsions, but the diﬀerentiations were signiﬁ-
cantly reduced compared with the Cinitial results. In the
structured emulsions, diacetyl had signiﬁcantly lower Cmax on
D4 than on D1, whereas limonene tended to have higher Cmax
on D4. Propanol and hexanal had unchanged Cmax values on D4
and D1 (p > 0.05). The result was attributed to the polarity of
the four volatile compounds,23,24 as limonene had the highest
log P value (log P = 4.6), and diacetyl (log P = −1.43) had the
lowest, with propanol (log P = 0.25) and hexanal (log P = 1.78)
having intermediate log P values. 31
The above results indicated that MG structured emulsions
could reduce volatile release into the headspace, in terms of
both the initial burst and total release, although the magnitude
varied for diﬀerent volatile compounds. The ﬁndings were also
reported by Phan et al.,24 who tested volatile release from
sodium caseinate-stabilized O/W emulsions structured by
0.25% MG. They found that lipophilic and amphiphilic volatiles
were releasing at lower rates from structured emulsions. The
maximum instant headspace concentrations of lipophilic
compounds were signiﬁcantly lower in structured emulsions.
In that study, no signiﬁcant diﬀerence in Cmax of structured and
unstructured emulsions was found, which was probably due to
the lower amount of MG added.24 To elucidate the mechanism
of the delayed volatile release in MG structured emulsions,
several factors can be taken into account. Inside the oil phase,
the MG crystalline structure had hydrophilic domains (polar
head) with large lipophilic surface (nonpolar head). This self-
assembled structure could interact with both lipophilic and
hydrophilic volatile compounds and, therefore, modify the
aﬃnity of volatile molecules for ingredients in the emulsion, for
example, oil or emulsiﬁer. As a consequence, partition of the
volatiles from oil to water and to headspace could be aﬀected,
resulting in variation in releasing behaviors.16,24 Moreover, the
MG adsorbed at the interface could strengthen the barrier
properties of the interfacial ﬁlm, suggesting a more signiﬁcant
role in restraining the movement of volatiles from the oil to
water phases.21 Third, increased viscosity of the emulsion due
to the formation of MG crystals may slow the diﬀusion of
volatile compounds in diﬀerent phases, according to the
Stokes−Einstein law.6 As stated earlier, MG was less likely
located at water phase in the current system, so MG crystalline
structure had a bigger inﬂuence on the release of more
lipophilic volatile compounds over the release of more
hydrophilic ones. Compared with the reduction in Cinitial (by
21% on average for all of the volatiles) in structured emulsions
(D4), the reduction in Cmax was much lower (by 7% on
average), which indicated that MG crystalline structure had less
eﬀect on the volatile release after a longer time of incubation. It
is worth pointing out that the interaction between volatile
compounds and MG could also change MG crystalline
structure (aﬀect phase transition), as lipophilic moieties of
volatile compounds could space the tail of MG structure and
modify the packing parameter of crystals.32 However, the
volatile compounds used in this study were in low
concentrations, and they were not suﬃcient to induce any
change in MG structure.32As stable crystalline structure was
formed on D4, we tested volatile release behavior on D4 only in
the latter parts of the study.
Eﬀect of MG Content on Volatile Release. Cinitial and
Cmax of the four volatile compounds from structured emulsions
(D4) containing diﬀerent amounts of MG are summarized in
Table 2. Inclusion of 0.5% MG in the emulsion led to a
signiﬁcant decrease of the Cinitial. For diﬀerent volatiles,
limonene had the highest reduction of Cinitial (by 24.1%),
whereas propanol had the lowest (by 8.3%). When MG content
was increased, a higher reduction of Cinitial was observed. The
higher the amount of the crystals present, the more volatile can
be adsorbed.21 Moreover, an increased level of MG crystals can
strengthen the gel property and increase the viscosity of the
bulk emulsions (Table 1) and then aﬀect volatile release.21,33
However, the Cmax had a trend to increase with the rise of MG
content in the structured emulsions, although the structured
emulsions had lower Cmax than the unstructured emulsions. The
mechanism of this ﬁnding was not well understood. It seems
that oil itself was the main factor determining Cmax, and in a
system with higher MG content, the interaction between
volatiles and oil was weakened.
Although volatile compounds in structured emulsions had
lower Cinitial and Cmax than those in unstructured emulsions,
they were releasing at higher rates during the linear releasing
stage, and the release rates were higher for emulsions with
Figure 3. Initial (A) and maximum (B) headspace concentrations
(mg/L) of the volatiles above MG structured emulsions (MG, 2% w/
w; SO, 20% w/w) on day 1 (D1) and day 4 (D4), with those above
unstructured emulsions (SO, 20% w/w) as control. Diﬀerent letters
above bars indicate signiﬁcant diﬀerences for each volatile compound
(p < 0.05). Error bars represent standard errors.
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higher MG contents (Figure 4). One possible reason is that the
diﬀerence in volatile concentration between headspace and bulk
emulsion was higher for structured emulsions after the initial
burst (lower Cinitial), which drove volatile to the headspace more
rapidly above structured emulsions. According to the
penetration theory, under nonequilibrium conditions the
driving force for mass transfer across interface would be the
diﬀerence in volatile concentrations between the bulk emulsion
and headspace.34 An exception to the above conclusion was
propanol, which had signiﬁcantly the same release rate in all of
the emulsions (p > 0.05), probably because of its high water
solubility.
Table 1 shows that increase of MG content was able to
produce emulsions with smaller droplet size, because MG was
acting in the role of emulsiﬁer. An earlier study reported that
emulsiﬁer mixture (MG and Tween 20 in this study) can
reduce interfacial tension to a higher content than a single
emulsiﬁer used, which can facilitate the formation of smaller
droplets.17 With regard to the eﬀect of droplet size on volatile
release, controversial conclusions were found in the literature.
Some studies reported that smaller droplets can accelerate
volatile release because of shortened transportation radius,4,35
whereas others argued that smaller droplets with larger
interfacial area can absorb more emulsiﬁer and then slow
volatile release.1,36 However, the movement of volatile
compounds between dispersed phase and continuous phase
was generally thought to be very fast,34 especially when droplet
size was reduced to the submicrometer range. Therefore, it may
be diﬃcult to ﬁnd any diﬀerence in volatile release from two
emulsions with diﬀerent droplet sizes but at the same size
scale.11
Eﬀect of Oil Content on Volatile Release. Cinitial and
Cmax of the four volatiles from emulsions with lower oil content
(10% w/w) are presented in Table 2. When the oil content was
reduced from 20 to 10%, both Cinitial and Cmax increased for
limonene and hexanal but decreased for propanol and diacetyl,
even in the presence of MG crystalline structure. This was
because in the oil-reduced emulsions lipophilic compounds had
relatively higher concentration in the oil phase, whereas
hydrophilic compounds had relatively lower concentration in
the water phase, which led to the opposite modiﬁcation of theT
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Figure 4. Release rates of the volatiles from MG structured emulsions
(SO, 20% w/w) varying in MG contents compared with those from
unstructured emulsion as control (SO, 20% w/w). Diﬀerent letters
above bars indicate signiﬁcant diﬀerences for each volatile compound
(p < 0.05). Error bars represent standard errors.
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release of the four volatiles.1,8,37 Compared with the
unstructured emulsions, the structured emulsions had much
bigger increases of volatile release for limonene and hexanal
when the oil content was reduced. Although the Cinitial was still
lower in the structured emulsions than in the unstructured
emulsions, the Cmax was much higher (p < 0.05). This suggested
that the release-decreased eﬀect of MG crystalline structure was
weakened in the oil-reduced systems, which, on the other hand,
showed the large inﬂuence of oil content on the release of
lipophilic volatile compounds. Compared with emulsions with
20% oil content (18% SO + 2% MG or 20% SO), the diﬀerence
in the eﬀective oil content between the structured emulsions
(8%) and unstructured ones (10%) was magniﬁed in fat-
reduced systems, the eﬀect of which outweighed the eﬀect of
the MG crystalline structure. Second, lower oil content
inhibited the formation of gel-like property due to the reduced
droplet concentration, which may also impair the function of
the MG crystalline structure.33 Correspondingly, the release
rates of limonene and hexanal in structured emulsions with 10%
oil were higher than those in emulsions with 20% oil content
(Figure 5).
Eﬀect of Oil Type on Volatile Release. Medium-chain
triglycerides (MCTs) are medium-chain (8−10 carbons) fatty
acid esters of glycerol. They are popular in the functional food
industry and are widely used as solvents for fragrances. MCT is
more hydrophilic than soybean oil (SO), so it was assumed that
emulsions with MCT would have higher release of more
lipophilic compounds.13 Nevertheless, both Cinitial and Cmax of
the four volatiles were signiﬁcantly lower in MCT emulsions
than in SO emulsions in most cases (p < 0.05), and headspace
concentrations of the two lipophilic compounds were more
aﬀected (Table 2). Furthermore, release rates of the volatiles
from MCT emulsions were lower than those from SO emulsion
(Figure 6). Similar results were found by Rabe et al.,11 who
reported that lipophilic volatile compounds had higher release
from emulsions containing oils with average carbon number
(CN) of C14 or C16 than from miglyol-in-water (average CN
of C9) emulsions. Another study reported no inﬂuence on
volatile release when replacing milk fat (C16 and C18) with
MCT in emulsion.13 It seemed that lipophilicity of diﬀerent oils
was not the only factor that inﬂuenced the aﬃnity of volatiles
for the oils, or the aﬃnity had already been so high that
reduction in lipophilicity of the oil did not show any eﬀect on it.
From a structural point of view, the lower Cinitial and Cmax in
MCT emulsions can be related to the higher molar fraction of
the oil and high saturation level of MCT. Rabe et al.11 prepared
emulsions with the same molarity of the oil phase of C16 and
C9, but diﬀering in the mass fraction, and they did not observe
any signiﬁcant diﬀerence in volatile release. In the current
emulsion systems, with the same amount of oil added, the
molarity of MCT was higher than that of SO. Second, MCT
was made up of saturated fatty acids, whereas SO contained
high levels of monounsaturated and polyunsaturated fatty acids.
Previous studies found that volatile release was slower and of
lower intensity from a system with more saturated fat than a
system with more unsaturated fat.23,38 As neither SO nor MCT
was crystallized in the current system, it was suggested that
diﬀerent saturation levels of oils may inﬂuence MG crystalline
structures in the emulsions and then inﬂuence volatile release.
Also, oils varying in nature had diﬀerent capacities to penetrate
into the liquid crystalline phase.39
Interestingly, in MCT emulsions the diﬀerence in the
headspace concentrations of propanol and diacetyl between
structured emulsions and unstructured emulsions was very
small, which was not the case in SO emulsions. This result
could be attributed to the higher aﬃnity of the two compounds
for MCT, and the release behavior of these two volatile
compounds was less modulated by MG crystalline structure.
Partition Coeﬃcients of the Volatile Compounds. On
the basis of the static headspace analysis, air−emulsion partition
coeﬃcients (KA/E) of the four volatile compounds in the
emulsions were calculated (Table 3). KA/E indicates the aﬃnity
of the volatile compounds for the emulsion matrix. With the
same amount of volatiles added, limonene had the lowest KA/E
value in all of the emulsions, whereas diacetyl and hexanal had
the highest. It generally followed the polarity principle, as
volatiles with lower log P values tended to partition more into
the water phase and then to the headspace above the O/W
emulsions.6,23 Furthermore, volatile compounds with higher
vapor pressures were likely to distribute more to the headspace.
An exceptional case was hexanal, which is more nonpolar
Figure 5. Release rates of the volatiles from MG structured (2% w/w)
emulsions varying in SO contents compared with those from
unstructured emulsion (SO, 10% w/w) as control. Diﬀerent letters
above bars indicate signiﬁcant diﬀerences for each volatile compound
(p < 0.05). Error bars represent standard errors.
Figure 6. Release rates of the volatiles from MG structured (2% w/w)
emulsions varying in oil types (SO or MCT, 20% w/w) compared with
those from unstructured emulsion (MCT, 20% w/w) as control.
Diﬀerent letters above bars indicate signiﬁcant diﬀerences for each
volatile compound (p < 0.05). Error bars represent standard errors.
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(lower vapor pressure as well) than propanol, but it had a
signiﬁcantly higher KA/E value.
In most cases, volatile compounds had lower KA/E in
structured emulsions than in unstructured emulsions. However,
in oil-reduced SO emulsions, hexanal and limonene had
signiﬁcantly higher KA/E in structured emulsions. Either
increase of MG contents or reduction of oil contents in the
structured emulsions can signiﬁcantly increase KA/E of hexanal
and limonene, due to the weakened interaction between
volatiles and oil. However, these change just slightly inﬂuenced
the KA/E values of propanol and diacetyl. Additionally, KA/E can
be signiﬁcantly reduced by changing the oil from SO to MCT,
especially for hexanal and limonene. These results suggested
that KA/E values of volatiles with higher lipophilicity were more
sensitive to the change in oil compositions in the structured
emulsions.
This work presented the potential application of MG self-
assembled structure to control volatile release from emulsions.
The results demonstrated that structured emulsions can reduce
the amount of volatile released to the headspace, more
dominantly for the lipophilic compounds. For the initial burst
of volatiles, MG crystalline structure can well modulate the
release, whereas for the total release, which was largely
dependent on oil content and oil type, the modulation was
relatively weak. Therefore, when MG self-assembled structure is
used to control volatile release, the nature and content of the
oil phase, as well as the volatile properties, should be well
considered. Meanwhile, the targeted release proﬁle of the
products, for example, a weak initial burst of volatile or a
prolonged release time when consumed, should always be taken
into consideration.
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Volatile Release from Whey Protein Isolate−Pectin Multilayer
Stabilized Emulsions: Eﬀect of pH, Salt, and Artiﬁcial Salivas
Like Mao,†,§ Yrjö H. Roos,§ Donal J. O’Callaghan,† and Song Miao*,†
†Teagasc Food Research Centre, Moorepark, Fermoy, Co. Cork, Ireland
§School of Food and Nutritional Sciences, University College Cork, Cork, Ireland
ABSTRACT: Whey protein isolate (WPI) and pectin can form a multilayer at the oil−water interface when they are oppositely
charged. In this study, eﬀects of pH, salt, and artiﬁcial salivas on emulsion stability and volatile release from multilayer emulsions
were investigated. Results showed that emulsions (0.5 wt % WPI, 10 wt % oil) with pectin content ≤0.1 wt % had rapid phase
separation at pH 4 and 5, and emulsions with higher pectin content (≥0.2 wt %) had good stability. Due to an electrostatic
screening eﬀect, multilayer emulsions collapsed when subjected to ≥150 mM NaCl solutions at pH 5. When diluted with artiﬁcial
salivas containing salts, mucin, and/or α-amylase, multilayer emulsions showed rapid droplet aggregation. GC headspace analysis
found that volatiles had signiﬁcantly lower initial headspace concentration (Cinitial) in multilayer emulsions, and the Cinitial
correlated negatively with pectin content in emulsions. Emulsions at pH 7 had more volatiles released to the headspace than
emulsions at pH 5. However, changes in pectin content and pH did not show a signiﬁcant eﬀect on release rate of most volatile
compounds. In salt-treated multilayer emulsions, Cinitial and release rates of volatiles increased with NaCl content. Addition of
salivas triggered higher release of hydrophobic volatiles and lower release of hydrophilic volatiles, which was mostly due to
dilution eﬀect and saliva-induced emulsion instability.
KEYWORDS: multilayer emulsion, pectin, WPI, stability, volatile release, artiﬁcial saliva
■ INTRODUCTION
A big majority of foods exist as emulsions, either partly or
wholly, such as milk, butter, and orange juice. Emulsions consist
of two immiscible phases, one of which is dispersed in the other
as small droplets. Studies on emulsions as delivery systems to
protect, solubilize, and control the release of bioactive
compounds have been well reviewed.1,2 Volatile ﬂavor
compounds make large contributions to the organoleptic
properties of foods. Volatile release from an emulsion involves
the partitioning and mass transfer of the volatile molecules
among oil phase, interface, water phase, and ﬁnally headspace.3
Change in headspace concentration and release rate could aﬀect
ﬂavor perception. Successful development of delivery systems
with controlled volatile release depends on a good under-
standing of the eﬀects of emulsion properties (e.g., droplet size,
viscosity) and of environmental stresses on volatile release, as
well as the interaction between volatile compounds and
emulsion components.
Emulsions are thermodynamically unstable systems and are
prone to destabilize (e.g., coalescence, creaming) during food
processing, transportation, or storage. In a destabilized
emulsion, volatiles can release in undesirable ways. Emulsion
stability against environmental stresses can be improved by
strengthening the mechanical properties of the interfacial layer
by multilayer adsorption at the interface.4 Multilayer emulsions
are generally prepared through a layer-by-layer (LBL) electro-
static deposition technique, which consists of two (or more)
steps of layer formation. A charged emulsiﬁer (e.g., SDS,
lecithin, protein) is ﬁrst deposited onto the droplet surface
during emulsiﬁcation; then an oppositely charged emulsiﬁer or
polymer (e.g., protein, polysaccharide) is introduced and
attracted by the previously adsorbed layer, forming a second
layer. Emulsions containing oil droplets surrounded by
multilayered interface have been reported to have better
stability against pH change, heating, freeze−thawing cycling,
etc.5−7 Furthermore, in a multilayer emulsion the outer layer
can be detached from oil droplets by changing pH, salt
concentration, or temperature, thereby providing variable
encapsulation capacities in response to diﬀerent environmental
triggers.5,8 Encapsulations of β-carotene, lemon/orange oil, and
ﬁsh oil in multilayer emulsions have been investigated.9−11
Volatile compounds in food systems are usually more active
and sensitive to environmental changes, and multilayer
emulsions can also be used to mediate their release behavior.
In β-lactoglobulin−pectin stabilized emulsions, lipophilic
volatiles could be released at lower rates over wide pH and
salt concentration ranges.12 When the emulsion was placed in a
model mouth, the pectin layer hindered the release of lipophilic
volatiles.13 By increasing the concentration of ingredients
forming the multilayer to a certain level, headspace
concentration of volatile compound could also be reduced.11
When the multilayer emulsion was spray-dried, more ﬂavor
retention could be obtained.14 The main advantages of this type
of emulsion are that the multilayer could slow volatile molecule
movement across the oil−water interface due to enhanced
hindrance eﬀect and that the complex layer may adsorb more
volatiles. Moreover, the delayed volatile release could disappear
or be weakened when the outer layer is detached. However,
literature studies put less emphasis on the linkage between
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structural change of the emulsion and volatile release,
particularly at adverse environmental conditions, and more
profound work is required to understand the mechanism.
In the current study, model whey protein isolate (WPI)−
pectin stabilized multilayer emulsions were designed with
diﬀerent interfacial structures suitable for volatile delivery, and
the main objective was to study the release behavior of volatile
compounds in these mulatilayer emulsions under broad
environmental conditions. Emulsions were subjected to diﬀer-
ent pH values, NaCl concentrations, and artiﬁcial salivas.
Emulsion properties and release behavior of volatile com-
pounds were further investigated and correlated to understand
the environmental eﬀects. The knowledge obtained from this
study may assist the development of novel foods with desired
ﬂavor proﬁles via emulsion structural modiﬁcation.
■ MATERIALS AND METHODS
Materials. Apple pectin (degree of esteriﬁcation, 70−75%;
molecular weight, 30−100 kDa) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). WPI (BiPro), which contained 71% β-
lactoglobulin and 12% α-lactalbumin, was kindly oﬀered by Davisco
Food International (Le Sueur, MN, USA). Sunﬂower oil was
purchased from a local supermarket and used without further
puriﬁcation. 1-Propanol (>99.5% purity), diacetyl (butane-2,3-dione,
>99.5% purity), 2-pentanone (>99% purity), ethyl octanoate (>99%
purity), and 2-heptanone (>99% purity) were all products of Sigma-
Aldrich. Analytical grade sodium azide, sodium chloride, sodium
hydroxide, sodium phosphate dibasic, citric acid, potassium phosphate
monobasic, sodium thiocyanate, and urea were also products of Sigma-
Aldrich. Analytical grade potassium chloride, sodium sulfate, hydrogen
chloride, sodium hydrogen carbonate, and calcium chloride were
bought from BDH Laboratory Suppliers (Poole, UK). Mucin (from
porcine stomach, type II) and α-amylase (from porcine pancreas, type
VI-B, 22 units/mg solid) were bought from Sigma-Aldrich.
Solution Preparation.WPI and pectin solutions were prepared by
adding 1.25 wt % WPI and 0.2, 0.4, 0.8, or 1.6 wt % pectin into
phosphate buﬀers (pH 7), and sodium azide (0.01 wt %) was added to
prevent the growth of microorganisms. The solutions were kept
overnight to ensure complete dispersion and dissolution. Stock
phosphate buﬀer solutions (pH 3−7), NaCl solutions (0−400 mM,
pH 3−7), 0.1 M HCl, and 0.1 M NaOH were also prepared.
Deionized water was used to prepare all of these solutions.
Artiﬁcial Saliva Preparation. To study the eﬀect of saliva
components on volatile release, ﬁve artiﬁcial salivas with diﬀerent
components were prepared (S1−S5, Table 1).15 After being stirred for
>1 h, salivas were centrifuged at 4000 rpm for 10 min (4 °C) using a
Sorvall Legend RT centrifuge (Kendro, Germany) to remove any
undissolved substances. The supernatants were collected and stored at
4 °C for future use. The pH of all artiﬁcial salivas was adjusted to 6.8 ±
0.2 using 0.1 M HCl or 0.1 M NaOH.
Emulsion Preparation. Primary emulsion was prepared by mixing
WPI solution (80 wt % of ﬁnal emulsion) and sunﬂower oil at 10000
rpm for 2 min using an ULTRA-TURRAX (IKA, Staufen, Germany)
to form a coarse emulsion, which was further homogenized using an
M110-EH Microﬂuidizer with a 75 μm Y-type ceramic interaction
chamber (Microﬂuidics International Corp., Newton, MA, USA) at 50
MPa for three passes. The emulsions were immediately cooled to
room temperature (25 °C) using tap water and then stored in an
incubator at 25 °C for future use.
For the preparation of multilayer emulsions, pectin solution was
added to the primary emulsion (1:1), and the mixture was stirred for 1
h. The pH of the mixture was then adjusted to 5 using 0.1 M HCl. The
ﬁnal multilayer emulsions contained 0.5 wt % WPI, 10 wt % oil, and
0.1−0.8 wt % pectin and were stored at 25 °C for future use.
To study the eﬀects of environmental stresses, primary emulsions
and multilayer emulsions were pH adjusted (3−7) using 0.1 M HCl or
0.1 M NaOH and mixed with salt solutions (0−400 mM NaCl, 1:1
dilution) and diﬀerent artiﬁcial salivas (S1−S5, 1:1 dilution, incubated
at 37 °C for 5 min before measurements). The subsequent
characterization of emulsion properties was ﬁnished within 1 h. All
of the work was carried out at 25 °C unless otherwise stated.
Emulsion Characterization. Hydrodynamic particle size (z-
average) and zeta-potential of emulsions were determined by dynamic
light scattering using a Zetasizer Nano-ZS90 (Malvern Instruments,
Worcestershire, UK) at a ﬁxed detector angle of 90°. The refractive
indices of the particle and water were set at 1.45 and 1.33, respectively.
To minimize multiple scattering eﬀects, emulsions were diluted with
buﬀer solutions (same pH and salt concentration as the measured
sample) to an oil concentration of ∼0.005 wt % prior to each
measurement.5
Emulsion stability was evaluated using a multisample analytical
centrifuge (Lumifuge, LUM GmbH, Berlin, Germany). The principle
of the method was detailed in a previous study.16 Brieﬂy, emulsion
samples were transferred to measurement cells and analyzed by a light
beam, which scanned the cells vertically over the total length. The
sensor received light transmitted through the sample, which showed a
pattern of light ﬂux as a function of the radial position at a given time.
On the basis of the evolution of the transmission signal, emulsion
instability could be detected. For example, when creaming occurred,
the transmission signal at the top of the sample would decrease. In this
study, samples were centrifuged at 1500 rpm and 25 °C with a
scanning rate of once every 10 s. The result was expressed as the
integrated transmission percentage against time, which reﬂected the
creaming stability, with lower values indicating better creaming
stability
Flavoring of Emulsions. Volatile solution was prepared by mixing
ﬁve volatiles in ethanol (5% v/v for each volatile) at room temperature
(25 °C) in gastight vials (2 mL, silicone/PTFE seals) (La-pha-pack
GmbH, Langerwehe, Germany) and equilibrated by shaking for at
least 1 h. Emulsion ﬂavoring was then performed by adding the volatile
solution into emulsions in gastight vials (20 mL, silicone/PTFE seals)
(La-pha-pack GmbH) to reach a concentration of 500 mg/L for each
volatile. The vials were completely ﬁlled to minimize volatile losses.
Table 1. Constituents and Concentrations of Artiﬁcial Salivas Used in the Studya
S1 S2 S3 S4 S5
deionized water 10 mL KCl 89.6 g/L 10 mL KCl 89.6 g/L 10 mL KCl 89.6 g/L 10 mL KCl 89.6 g/L
10 mL NaSCN 17 g/L 10 mL NaSCN 17 g/L 10 mL NaSCN 17 g/L 10 mL NaSCN 17 g/L
10 mL KH2PO4 100.6 g/L 10 mL KH2PO4 100.6 g/L 10 mL KH2PO4 100.6 g/L 10 mL KH2PO4 100.6 g/L
10 mL Na2SO4 129.33 g/L 10 mL Na2SO4 129.33 g/L 10 mL Na2SO4 129.33 g/L 10 mL Na2SO4 129.33 g/L
20 mL NaHCO3 84.7 g/L 20 mL NaHCO3 84.7 g/L 20 mL NaHCO3 g84.7 /L 20 mL NaHCO3 84.7 g/L
1.7 mL NaCl 175.3 g/L 1.7 mL NaCl 175.3 g/L 1.7 mL NaCl 175.3 g/L 1.7 mL NaCl 175.3 g/L
5 mL CaCl2 22.2 g/L 5 mL CaCl2 22.2 g/L 5 mL CaCl2 22.2 g/L 5 mL CaCl2 22.2 g/L
8 mL urea 25 g/L 8 mL urea 25 g/L 8 mL urea 25 g/L 8 mL urea 25 g/L
25 mg mucin 20 mg α-amylase 25 mg mucin
20 mg α-amylase
aAll solutions were prepared with deionized water and used after centrifugation.
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Emulsions were stored at 25 °C before headspace analysis. Pre-
experiment showed that 1 h of storage was enough for the volatile to
reach equilibrium among the diﬀerent phases of the emulsions.
GC Headspace Analysis. Headspace concentration of volatiles
was measured using a Varian CP-3800 gas chromatograph (Varian
Inc., Palo Alto, CA, USA) equipped with a ZB-5MSi capillary column
(60 m, 0.25 mm i.d., ﬁlm thickness = 0.25 μm) and coupled with a FID
detector. Flavored emulsion (2 g) was transferred to a 20 mL
headspace vial and capped immediately (silicone/PTFE seals) (La-
pha-pack GmbH). To study the eﬀects of environmental conditions,
the emulsions were rapidly adjusted to the desired pH or mixed with
suitable salt solutions or artiﬁcial salivas. The vials were incubated at
37 °C for diﬀerent times (from 30 s to 20 min) in a Combi PAL
autosampler (CTC Analytics AG, Switzerland). Pre-experiment
showed that suﬃcient headspace concentration was created after 30
s of incubation, and it was chosen as the start sampling point.
Injections of the headspace (1 mL) were performed using a preheated
(42 °C) 2.5 mL thermostated gastight syringe (Hamilton, Switzerland)
under split mode (1:10). Injector and FID temperatures were,
respectively, 225 and 230 °C. The helium carrier gas ﬂow rate was 1
mL/min. The temperature program was as follows: 50 °C (4 min),
200 °C at 10 °C/min rate, 240 °C at 40 °C/min rate (2 min). Results
were based on triple analyses.12
In this study, initial headspace concentration (sampling after 30 s of
incubation; Cinitial) and release rate were adopted to describe volatile
release. The kinetics of the volatile release were expressed by plotting
the headspace concentration of each volatile against incubation time.
Slopes of the initial linear part of the release curves were taken as
release rates (mg/L min).
Statistical Analysis. Statistical analysis was performed using
OriginPro 7.5. Measurements were repeated at least three times. A
one-way analysis of variance (ANOVA), followed by Tukey’s test, was
applied to determine signiﬁcant diﬀerences between the mean values
of each test. A signiﬁcance level of p < 0.05 was used throughout the
study.
■ RESULTS AND DISCUSSION
Formation and Properties of Multilayer Emulsion.
Eﬀect of pH. pH plays an essential role in the formation of
multilayer emulsions.4 Zeta-potential analysis showed that
droplets in primary emulsions were negatively charged at pH
7 and 6 and positively charged at pH 4 and 3 (Figure 1A).
Pectin carries only negative ions regardless of the pH of the
solution. With the addition of pectin, emulsion droplets could
have diﬀerent charge signs and magnitudes from those in the
primary emulsion. Speciﬁcally, at pH 5, 4, and 3, droplets
carried more negative charge in emulsions with higher pectin
content, and the magnitude of the charge decreased with
decreasing pH. In emulsions with 0.4 and 0.8 wt % pectin, the
droplets were negatively charged throughout the pH range
studied (pH 7 to 3). The results indicate that a pectin layer was
formed at the droplet surface at pH 5, 4, and 3. The formation
of the pectin layer was driven by electrostatic forces, as WPI
and pectin were thought to be oppositely charged at pH below
the isoelectric point (pI) of WPI. When the pH of the
emulsions was lowered from 5 to 3, the protein layer had higher
positive charge and more pectin was adsorbed. However, at
neutral pH 7 and 6, addition of pectin to primary emulsion did
not present a signiﬁcant eﬀect on the charge intensity, as pectin
and WPI were both negatively charged. It is worth pointing out
that although WPI−pectin interaction could also occur at
neutral pH through hydrogen bonding, hydrophobic, and/or
electrostatic attraction, etc., these forces were relatively weak.17
The droplet size of the emulsions was inﬂuenced by both
pectin content and pH (Table 2). For some emulsions with
lower pectin contents, severe droplet aggregation occurred at
pH 5 and 4, as the droplets were poorly charged (WPI has an
isoelectric point of 4 < pH < 6). Meanwhile, emulsions diﬀering
in pectin content allowed contrasting stability determined by
Lumifuge (Figure 1B). Primary emulsions were unstable at pH
5 and 4, and phase separation induced by rapid droplet
aggregation was observed soon after the start of the stability
test. Addition of 0.1 wt % pectin into the emulsion showed no
improvement in emulsion stability. When pectin content was
>0.2 wt %, the emulsions showed better stability against lower
pH. For example, at 0.8 wt % pectin multilayer emulsions were
very stable at pH 5, 4, and 3, and no creaming was detected.
Steric hindrance between droplets was mainly responsible for
the stability of multilayer emulsions.4 Adsorption of protein−
polysaccharide complex at interfaces could increase interfacial
viscosity, creating a gel-like structure surrounding the oil
droplets and preventing droplet aggregation.18 The stability
map also showed that emulsions were unstable at neutral pH
with the addition of pectin (≥0.2 wt %), which was induced by
depletion ﬂocculation as most pectin was present in the
continuous phase.4 It should be noted that the stability test was
conducted within a centrifuge ﬁeld, and the destabilization
process was well accelerated. In fact, multilayer emulsions at
neutral pH did not show creaming in the initial 48 h. The
multilayer emulsions formed at pH 5 were chosen for the rest
of the study (response to environmental conditions) to expand
the use of WPI at pH close to its pI value.
Figure 1. Eﬀect of pH on the properties of emulsions (0.5 wt % WPI,
10 wt % oil) with diﬀerent pectin contents: (A) zeta-potential; (B)
stability map based on Lumifuge test; (solid symbols) emulsions
unseparated after stability test (level of droplet aggregation: ■ < ● <
▼); (open symbols) emulsions separated after stability test (creaming
rate: ▽ < ○ < □).
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Eﬀect of Salt. Primary emulsions and multilayer emulsions
were subjected to salt solutions with a range of NaCl
concentrations, and emulsion properties were greatly modiﬁed
(Figure 2). Interfacial charge (absolute value) of the emulsions
decreased with the increase of salt content (primary emulsion
and multilayer emulsion with 0.1% pectin were at pH 3, and the
other emulsions were at pH 5, as the two former emulsions
were unstable at pH 5), which was caused by the “electrostatic
screening” eﬀect. Adsorption of either Na+ or Cl− onto the
interface neutralized some of the ions from pectin or WPI,
resulting in reduced interfacial charge.19 Consequently, severe
droplet aggregation occurred at salt concentration >100 mM
(data not shown). Stability tests showed that when multilayer
emulsions were subjected to 150 or 200 mM NaCl solutions,
optical transmission drastically increased to the peak level in the
ﬁrst 10 min and remained almost unchanged thereafter,
suggesting rapid phase separation at the beginning of
centrifuging. In emulsions subjected to 100, 50, or 0 mM
NaCl solutions, a slight increase of transmission signal was
observed after 4 h test, and no phase separation occurred. The
mechanism of salt-triggered emulsion instability is well
understood.19 The screening eﬀect reduces the repulsion
force between droplets, and the resulting force is not suﬃcient
to overcome the attraction forces (e.g., van der Waals,
hydrophobic force), leading to droplet association. Second,
salt ions could decrease the thickness and increase the porosity
of WPI−pectin double layer by weakening the interaction
between the two layers.20 It has been reported that in protein-
stabilized emulsions the surface concentration of protein may
increase because salt can reduce the repulsion force between
adsorbed and unadsorbed protein.20 In a multilayer emulsion,
this phenomenon may be hindered by the presence of the
pectin layer. Some studies reported that multilayer emulsions
had better stability against higher salt concentration (or ion
strength) than primary emulsions,6,8 whereas in the current
study primary emulsions had better stability. The contradiction
could be due to the diﬀerent pH chosen for the stability test.
Eﬀect of Artiﬁcial Salivas. Liquid foods, for example,
emulsions, normally stay in the mouth for only several seconds
before swallowing. During their residence, emulsion properties
could be inﬂuenced by salivas. The inﬂuences include saliva
dilution, heating or cooling, and interactions between saliva
components (salts, enzymes, biopolymers, etc.) and emulsion
components.21−23 When multilayer emulsions were subjected
to diﬀerent artiﬁcial salivas, signiﬁcant changes in interfacial
charge of the droplets were ﬁrst observed (Figure 3A). Droplets
in emulsions diluted with salivas (1:1) containing salt, mucin,
and/or α-amylase (S2−S5) had about 50% intensity of the zeta-
potential of the droplets in undiluted emulsions. The lowest
magnitude of surface charge was found in S2 (salt alone)
treated emulsion. Dilution with S1 (water alone) did not
change the zeta-potential signiﬁcantly (p > 0.05), and the pH of
the emulsion remained unchanged (data not shown).
Emulsions diluted with other salivas (S2−S5) had signiﬁcantly
higher pH (∼7) than the original multilayer emulsion (pH 5).
This suggested that salt, mucin, and/or α-amylase in S2−S5
were the main factors inﬂuencing droplet charge. As stated
earlier, salt produced a screening eﬀect and reduced the
magnitude of interfacial charge. pH neutralization led to partial
detachment of pectin from the interface, resulting in even lower
charge density. A small quantity of the proteins (α-amylase and
mucin) in the salivas could be attracted by positively charged
patches of the interfacial layer,23 which was responsible for the
higher magnitude of the zeta-potential of S3−S5 diluted
emulsions.
Figure 3B shows that S5 diluted emulsion was the least
stable, followed by S3, S4, and S2 diluted emulsions. The
instability of these emulsions originated from droplet
Table 2. Eﬀect of pH on the Hydrodynamic Particle Size (Nanometers) of Emulsions (0.5 wt % WPI, 10 wt % Oil) with
Diﬀerent Pectin Contents (Mean ± SD, n ≥ 3)
pectin content
pH 0 wt % 0.1 wt % 0.2 wt % 0.4 wt % 0.8 wt %
7 205.8 ± 2.5 197.1 ± 1.9 204.3 ± 4.5 202.9 ± 5.6 257.0 ± 9.9
6 216.7 ± 0.5 228.3 ± 4.8 238.6 ± 6.9 230.1 ± 3.7 318.2 ± 10.6
5 −a − 1068.3 ± 25.1 630.7 ± 14.9 440.6 ± 8.4
4 − − − 348.2 ± 5.6 374.8 ± 15.7
3 230.2 ± 3.0 730.3 ± 51.3 − − 394.0 ± 13.0
aParticle size was not reported as severe droplet aggregation formed and the size was beyond the measurement limit.
Figure 2. Eﬀect of salt content (0−200 mM) on the properties of
emulsions (0.5 wt % WPI, 10 wt % oil) with diﬀerent pectin contents:
(A) zeta-potential (primary emulsion and multilayer emulsion with 0.1
wt % pectin were at pH 3; multilayer emulsions with pectin content
from 0.2 to 0.8 wt % were at pH 5); (B) emulsion stability (pectin
content 0.5 wt %, pH 5). The slope of the integral transmission−time
curve is an indicator of creaming stability; the higher the slope, the
lower the stability was.
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ﬂocculation.24 Pre-experiment microscopic observation found
that undiluted multilayer emulsion had small droplets with ﬁne
distribution. In saliva diluted systems, some droplets aggregated
and many bigger droplets were observed.
Volatile Release from Multilayer Emulsion. In response
to environmental conditions, release behavior of volatiles could
be well modiﬁed. The modiﬁcation was closely linked to
emulsion properties. In this part of the study, the release
behavior of 1-propanol, diacetyl (butane-2,3-dione), 2-
pentanone, ethyl butyrate, and 2-heptanone was tested. The
selection of these compounds was based on their physicochem-
ical properties, including the chain length, function group,
volatility, polarity, etc. Initial headspace concentration (Cinitial)
and release rate provide information about the temporal release
of volatile compounds and were used to describe volatile release
from emulsions under diﬀerent pH, salt concentrations, and
artiﬁcial salivas.
Eﬀect of Pectin Content. Cinitial and release rates of the
volatiles from primary emulsion and multilayer emulsions are
presented in Figure 4. Volatiles in the multilayer emulsions had
lower Cinitial than those in the primary emulsion, more
signiﬁcantly for ethyl butyrate and heptanone (Figure 4A).
With the increase of pectin content from 0.4 to 0.8 wt %, a
higher decrease of headspace concentration occurred. Multi-
layer emulsion has an interfacial ﬁlm with higher thickness and
stronger mechanical properties, which could retard mass
transfer of volatile molecules across the oil−water interface.
Second, higher viscosity of multilayer emulsions slowed volatile
diﬀusion between diﬀerent phases.25,26 In pectin−water
systems, volatiles could also be trapped in the pectin gel
network.27 Third, both pectin and protein (adsorbed or
unadsorbed at the interface) were able to adsorb volatiles.
WPI (or β-lactoglobulin) could bind ketones,28,29 esters,30 or
aldehydes31 through hydrophobic interaction or covalent
binding.32−34 The former occurred in the hydrophobic pocket
(the central calyx) of the protein,33 and the latter could happen
at protein surfaces.35 In pectin-containing systems, many
volatiles had lower headspace concentration. The interaction
between volatile compounds and pectin could proceed through
van der Waals interaction between the alkyl patch of a volatile
molecule and the hydrophobic region of pectin.36 Besides,
hydrogen atoms in the undissociated carboxyl group of pectin
could interact with unshared electron pairs of heteroatoms and
oxygen atoms of volatile molecules via hydrogen bonding.37
Due to the unfolded conformation of protein and the
competitive binding of volatiles by protein and pectin, protein
at the multilayered interface could attract fewer volatile
compounds than the protein at the single-layered interface.38
The diﬀerent Cinitial values of volatiles in the two multilayer
emulsions were mostly due to the diﬀerence in pectin content,
mainly the unadsorbed part. The droplets in the two multilayer
emulsions possibly had the same amount of pectin covered, as
Figure 3. Eﬀect of diﬀerent artiﬁcial salivas on the properties of multilayer emulsions (0.5 wt % WPI, 10 wt % oil, 0.8 wt % pectin, pH 5): (A) zeta-
potential; (B) emulsion stability. The slope of the integral transmission−time curve is an indicator of creaming stability; the higher the slope, the
lower the stability was. The composition of each saliva is presented in Table 1.
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they had signiﬁcantly the same zeta-potential. However, the
pectin layers may spread diﬀerently (due to diﬀerent interfacial
areas) and thus diﬀer in compactness and porosity.
Interestingly, addition of pectin did not produce a signiﬁcant
eﬀect on the release rate of most volatile compounds (Figure
4B). In Benjamin et al.’s study,12 hydrophobic compounds were
releasing at lower rates in primary emulsion, and the author
attributed the result to the hindering diﬀusion eﬀect of large
particles in the monolayer emulsion. This hypothesis could be
applicable to the current system, as the droplet size of the
primary emulsion (droplet aggregates) was several times bigger
than that of the multilayer emulsion (Table 2). Due to the
shortened transportation radius of the submicrometer particle,
volatiles were moving faster in multilayer emulsions,39 whose
role counteracted the barrier eﬀect of the multilayer.
Eﬀect of pH. When multilayer emulsions were pH adjusted
(to pH 7), diﬀerent release behaviors of the volatiles were
observed (Figure 5). All of the volatiles had signiﬁcantly
increased Cinitial after pH adjustment, more prominently for
lipophilic volatiles, that is, pentanone, ethyl butyrate, and
heptanone (Figure 5A). At pH 7, both pectin and WPI were
negatively charged,4 and the interaction between these two
ingredients was weakened. A considerable amount of pectin
could detach from the interface, and the remaining pectin could
pack in a loose style. Modiﬁcation of pH could also inﬂuence
the porosity of the multilayer at the interface of nanoparticles.40
Therefore, volatile molecules would move more freely across
the interface at pH 7. As lipophilic volatiles were largely
distributed inside the oil droplets, their release behavior was
great aﬀected due to modiﬁcation of the interfacial properties.
In comparison with volatile release from primary emulsions
(pH 7) (data not shown), volatile release from pH-adjusted
multilayer emulsion was at a signiﬁcantly lower level, which
could be due to the interaction between volatile compounds
and pectin (adsorbed or unadsorbed). Moreover, change of pH
may alter the tertiary structure of protein and the pK value of
each volatile compound, which could also modify the release
behavior of volatiles.41,42 In this study, change of pH did not
show a signiﬁcant eﬀect on the release rates of volatiles, with
the exception of diacetyl (Figure 5B), which was released at
lower rates in emulsions at pH 7. A similar result for diacetyl
was reported in egg yolk or starch sodium octenylsuccinate
stabilized emulsions, in which increase of pH from 3 to 9
resulted in an enhanced retention of diacetyl.43 The result was
attributed to the strengthened interaction between diacetyl and
the stabilizers through electrostatic attraction or hydrogen
bonding at higher pH conditions.
Eﬀect of Salt. Although salt plays an important role in ﬂavor
perception, the eﬀect of salt on volatile release from emulsions
has seldom been reported.12,13 The presence of 100 mM NaCl
in the emulsions led to signiﬁcant increases in Cinitial of all the
volatiles. A further increase of NaCl concentration from 100 to
200 mM did not change Cinitial signiﬁcantly (p > 0.05).
Meanwhile, all of the volatiles had higher release rates in
emulsions diluted with salt solutions than in undiluted
Figure 4. Volatile release from emulsions with diﬀerent pectin
contents (0.5 wt % WPI, 10 wt % oil, pH 5): (A) initial headspace
concentration (sampling after 30 s of incubation at 37 °C); (B) release
rate (samples were incubated at 37 °C before each measuring point).
Figure 5. Eﬀect of pH adjustment on the release of volatile
compounds from multilayer emulsions (0.5 wt % WPI, 10 wt % oil,
0.8 wt % pectin); (A) initial headspace concentration (sampling after
30 s of incubation at 37 °C); (B) release rate (samples were incubated
at 37 °C before each measuring point).
Journal of Agricultural and Food Chemistry Article
dx.doi.org/10.1021/jf4011615 | J. Agric. Food Chem. 2013, 61, 6231−62396236
emulsions (Figure 6). The phenomenon that addition of salt
can increase ﬂavor release is called “salting-out”. It is due to the
reduction in the number of water molecules available to
solubilize ﬂavor compounds.44 However, in multilayer
emulsions salt ions were mostly involved in the screening
eﬀect and less involved in the salting-out eﬀect.12 WPI−pectin
interaction at the interface was weakened due to the screening
eﬀect, and the interface cannot well retard volatile movement
and can adsorb fewer volatile compounds. During the short
period of a GC test the salt did not induce phase separation,
and 100 or 200 mM NaCl had the same eﬀect on volatile
release. A similar result was reported in a β-lactoglobulin−
pectin stabilized emulsion, in which increase of salt content
from 100 to 500 mM did not signiﬁcantly inﬂuence volatile
release.12 It is worth pointing out that the multilayer would
collapse after a longer time of storage under a higher
concentration of NaCl, fewer volatiles would be retained by
the emulsion, and they would have higher release rates.
Eﬀect of Artiﬁcial Salivas. In the oral cavity, volatile release
from emulsions is largely inﬂuenced by saliva.45 Apparently,
dilution with saliva will ﬁrst disturb the partition and mass
transfer of volatiles in the aqueous and oil phases, leading to
diﬀerent release kinetics. In the current study, three
representative artiﬁcial salivas (S3, S4, and S5) were tested,
and the dilution eﬀect was more prominent for volatiles with
higher hydrophilicity (Figure 7). For example, in untreated
multilayer emulsion diacetyl had a Cinitial of 0.384 mg/L and a
release rate of 0.097 mg/L min (Figure 5, pH 5), whereas in S5
diluted emulsion it had a Cinitial of 0.178 mg/L and a release rate
of 0.029 mg/L min (Figure 7). Although salts were present in
each artiﬁcial saliva, the salting-out eﬀect could be masked by
the dilution eﬀect.46 Compared to buﬀer-treated emulsions,
saliva-treated emulsions generated higher release of hydro-
phobic compounds (e.g., pentanone, ethyl butyrate, and
heptanone) and lower release of hydrophilic compounds
(e.g., diacetyl). A similar result was reported in a ﬂavored
pectin gel system and could be attributed to the increased
hydrophilic properties of the system when diluted with artiﬁcial
salivas.47 The proteins (mucin, α-amylase) in the salivas were
likely to bind larger, more hydrophobic compounds, which then
reduce the headspace concentration of these volatiles.48
However, this trend was not observed in the current study,
possibly because the interactions were rather weak or the trend
was masked by rapid volatile release triggered by emulsion
instability. Emulsion diluted with S5 underwent the highest
droplet ﬂocculation and most rapid phase separation, which
could account for the highest release of volatiles from S5
diluted emulsion. It should be noted that in the oral cavity, air
Figure 6. Eﬀect of NaCl concentration on the release of volatile
compounds from multilayer emulsions (0.5 wt % WPI, 10 wt % oil, 0.8
wt % pectin, pH 5), 1:1 dilution with NaCl solution; (A) initial
headspace concentration (sampling after 30 s of incubation at 37 °C);
(B) release rate (samples were incubated at 37 °C before each
measuring point).
Figure 7. Eﬀect of artiﬁcial salivas on the release of volatile
compounds from multilayer emulsions (0.5 wt % WPI, 10 wt % oil,
0.8 wt % pectin, pH 5), 1:1 dilution with saliva: (A) initial headspace
concentration (sampling after 30 s of incubation at 37 °C); (B) release
rate (samples were incubated at 37 °C before each measuring point).
S3 contained a mixture of salts and mucin. S4 contained a mixture of
salts and α-amylase. S5 contained a mixture of salts, mucin, and α-
amylase. Detailed composition of each saliva can be found in Table 1.
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ﬂow, temperature, tongue movement, and other factors can also
aﬀect volatile release.49 A more complicated mouth model or in
vivo study could be considered for future study to better
understand oral release behavior.
This work presented the application of WPI−pectin
multilayer stabilized emulsions as delivery systems for volatile
compounds under diﬀerent environmental conditions. The
results demonstrate that multilayer emulsions can reduce the
amount of volatiles released to the headspace, especially the
initial release. The ability of multilayer emulsions to mediate
volatile release was highly aﬀected by emulsion properties.
When a compact second layer was formed over the
preadsorbed WPI layer, the interface could well retard volatile
movement and adsorb more volatile compounds, thereby
reducing the amount of volatiles released to the headspace.
Under certain conditions, such as neutral pH, a high
concentration of salt, or salivas, the interaction between the
two layers could be weakened. It then resulted in thinner
interfacial ﬁlm and detachment of pectin, and volatile release
could proceed more freely. This provides an option to get the
desired volatile proﬁle of certain foods by interfacial engineer-
ing under controlled environmental conditions.
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Study on the Rheological Properties and Volatile Release of Cold-Set
Emulsion-Filled Protein Gels
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ABSTRACT: Emulsion-ﬁlled protein gels (EFP gels) were prepared through a cold-set gelation process, and they were used to
deliver volatile compounds. An increase in the whey protein isolate (WPI) content from 4 to 6% w/w did not show signiﬁcant
eﬀect on the gelation time, whereas an increase in the oil content from 5 to 20% w/w resulted in an earlier onset of gelation. Gels
with a higher WPI content had a higher storage modulus and water-holding capacity (WHC), and they presented a higher force
and strain at breaking, indicating that a more compact gel network was formed. An increase in the oil content contributed to gels
with a higher storage modulus and force at breaking; however, this increase did not aﬀect the WHC of the gels, and gels with a
higher oil content became more brittle, resulting in a decreased strain at breaking. GC headspace analysis showed that volatiles
released at lower rates and had lower air-gel partition coeﬃcients in EFP gels than those in ungelled counterparts. Gels with a
higher WPI content had lower release rates and partition coeﬃcients of the volatiles. A change in the oil content signiﬁcantly
modiﬁed the partition of volatiles at equilibrium, but it produced a minor eﬀect on the release rate of the volatiles. The ﬁndings
indicated that EFP gels could be potentially used to modulate volatile release by varying the rheological properties of the gel.
KEYWORDS: emulsion, protein gel, rheology, volatile, release rate, partition coeﬃcient
■ INTRODUCTION
The emulsion-ﬁlled protein gel (EFP gel) is a protein gel matrix
within which emulsion droplets are embedded. Commercial
products of EFP gels include young cheese, milk curd, yogurt,
and some reformulated meat products (e.g., sausage).1 In EFP
gels, protein plays dual roles as an emulsiﬁer to stabilize
emulsions and as a gelling agent to develop a gel network. The
emulsion droplets act as active ﬁllers, whose interfacial protein
interacts not only with the protein covering neighboring
droplets but also with the protein gel matrix in the continuous
phase. Microstructural observations conﬁrmed that oil droplets
became an integral part of the gel network.2
Protein gels (including EFP gels) are traditionally obtained
through heat treatment (>65 °C) (heat-set gels), which causes
protein unfolding and exposure of hydrophobic residues. The
unfolded protein then self-aggregates into a three-dimensional
network with water entrapped by capillary forces.3 The
aggregation process is mainly driven by hydrophobic attractions
between exposed nonpolar regions of the folded protein
molecules. Under some circumstances, covalent cross-linking,
hydrogen bonds, and ionic bonds can reinforce the
aggregation.3,4 However, heat treatment can lead to the loss
of some nutrients, for example, vitamins, which limits the gel
applications to those formulations that do not contain heat-
sensitive ingredients. Therefore, cold-set gelation methods have
been developed to overcome this limitation, for example,
acidiﬁcation, salt addition, enzyme treatment.1 The cold-set
processes consist of mainly two steps: (1) preheating; unlike
heat-set processes, no gelation takes place during the
preheating stage, and the unfolded protein remains in a soluble
status;5 and (2) gelation; acidiﬁer (e.g., glucono-δ-lactone), salt
(e.g., CaCl2), or enzyme (e.g., transglutaminase) is added to
induce gelation.5−7 For the preparation of EFP gels,
emulsiﬁcation is performed to make O/W emulsions using
the preheated protein solution before gelation. In cold-set
processes, it is not required to heat the ﬁnal products, and
gelation can occur after addition to a food matrix. Moreover,
cold-set gelation mostly requires less energy input. With these
advantages, cold-set gelation has considerable potential in the
food industry.
Previous studies on EFP gels are concerned mainly with the
rheological properties of gels, either through a small
deformation oscillatory shear test or through large deformation
fractural test.1,8,9 The classical Van der Poel theory and its
extended theory revealed that the reinforcement eﬀect of the
active ﬁller (i.e., oil droplets) was primarily dependent on the
volume fraction of the ﬁllers, although the eﬀect of droplet
properties (e.g., droplet distribution, droplet shape) was also
important.9−11 Extensive studies on the rheological properties
of EFP gels found that protein concentration, oil concentration
and heating temperature and time are the main determinants of
gel properties. Other factors having less eﬀect include pH, ionic
strength, gelation temperature, etc.12,13
Microstructure aﬀects not only the mouthfeel of a gelled
food but also the release behavior of the volatile ﬂavor
compounds incorporated.14 Although volatile release is largely
determined by the nature of volatile compounds and the
binding to other ingredients (particularly oils),15 it is not a
versatile or practical way to control volatile release by changing
the compositions of a speciﬁc food. Therefore, modifying food
microstructure provides potential alternatives to control volatile
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release in functional foods, for example, low-fat, low-sugar food.
Previous studies either on pure gels (e.g., pectin gels, protein
gels, carrageenan gels) or mixed gels (e.g., starch-carrageenan
gels, pectin-gelatin gels) have shown that the gel structure
aﬀects volatile release from food,14,16−18 and gels with stronger
texture had weakened volatile proﬁle.14 In EFP gels, oil droplets
are immobilized in a viscoelastic gel network, with slowed rates
of diﬀusion and mass transfer of volatile molecules. When the
gel network collapses under mechanical forces (e.g., chewing),
volatile release can be accelerated.17 Therefore, EFP gels can
behave as volatile carriers to control volatile release and target
delivery. Although biopolymer gels have long been used as
delivery systems for bioactives, they diﬀer from EFP gels in
physicochemical properties and functional values. Among the
few studies conducted, Lee et al.19 reported that volatile
retention ranged from 60 to 100% in EFP gels and from 5 to
25% in emulsions when stored at 37 °C for 72 h.
In the current study, cold-set EFP gels were prepared
through acidiﬁcation by glucono-δ-lactone (GDL), and diﬀer-
ent volatile compounds were incorporated into the gels. The
main objective of the study was to understand the release
behavior of volatiles in EFP gels with diﬀerent rheological
properties by adjusting the protein and oil content. Because
protein gels are sometimes used as fat replacers in food,20
another goal was to explore the possibility of slowing volatile
release in oil-reduced systems by creating stronger EFP gels.
■ MATERIALS AND METHODS
Materials. WPI (BiPro), which contained >90% w/w total protein
(5% moisture, 1% fat, 3% ash, 1% lactose), was bought from Davisco
Food International (Le Sueur, MN, USA). Sunﬂower oil was
purchased from a local supermarket and used without further
puriﬁcation.
Chemicals. Glucono-δ-lactone (GDL), sodium azide, 1-propanol
(>99.5% purity), diacetyl (>99.5% purity), 2-pentanone (>99%
purity), hexanal (>99% purity), 2-heptanone (>99% purity), Nile
red, and fast green were all products of Sigma-Aldrich (St. Louis, MO,
USA).
Preparation of EFP Gels. EFP gels were prepared following the
method described by Sok Line et al.21 with some modiﬁcations. Brieﬂy,
WPI suspension was prepared by dispersing the powdered WPI in
deionized water, and the mixture was stirred overnight to ensure
complete dissolution. Sodium azide (0.01% w/w) was added to inhibit
microbial growth. The solution was then heated at 85 °C for 30 min in
a water bath, followed by rapid cooling to room temperature (∼23 °C)
with an ice−water mixture. An oil-in-water emulsion was prepared by
mixing the heated WPI solution and sunﬂower oil at 10 000 rpm for 1
min using an Ultra-Turrax (IKA, Staufen, Germany), followed by high-
pressure homogenization (M110-EH Microﬂuidizer, Microﬂuidics
International Corp., Newton, MA, USA) at 50 MPa for three passes.
The emulsions were immediately cooled to room temperature (∼23
°C) with tap water and stored in an incubator for further use. The
droplet sizes of the emulsions were determined by dynamic light
scattering using a Zetasizer Nano-ZS90 (Malvern Instruments Ltd.,
Malvern, UK) at a ﬁxed detector angle of 90°. The refractive indices of
the particle and water were set at 1.45 and 1.33, respectively. To
minimize multiple scattering eﬀects, emulsions were diluted with
deionized water to an oil concentration of ∼0.005% w/w prior to each
measurement. The intensity mean diameter (nm) based on three
repeats was reported.
To induce cold gelation, GDL (0.5% w/w) was added into the
emulsions and incubated at 25 °C for 16 h. The evolution of the pH of
the emulsions during gelation was recorded by Cinac (Ysebaert Dairy
Division, Frepillon, France). In the measurement, the sample tubes
with one pH probe in each tube were kept in a water bath (25 °C),
and the pH values of the samples were recorded every 5 min for 16 h.
For comparison purposes, an ungelled emulsion (no GDL, 20% oil,
5% WPI, w/w) and an emulsion with unheated WPI solution (20% oil,
5% WPI, 0.5% GDL, w/w) were also prepared using the above
method.
Characterization of EFP Gels. Viscoelastic Properties. After the
addition of GDL, emulsions (∼15 mL) were allowed to form gels in a
AR 2000ex rheometer (TA Instruments, Crawley, UK) using a
concentric cylinder geometry (cup radius = 15 mm, rotor radius = 14
mm). To avoid water evaporation, a thin layer of tetradecane oil was
added to the surface of the samples. The samples were oscillated at a
strain of 0.5% and a frequency of 1 Hz to ensure the linear behavior
and measurements were taken every 10 s for 16 h. The measurement
was performed at 25 ± 0.05 °C, controlled by a Grant GD 120 stirred
thermostatic circulator (Grant Instruments, Cambridge, UK). The
evolution of the storage and loss moduli (G′ and G″) of the samples
during oscillation was recorded. Dynamic strain sweep measurement
(strain 0.1−300%, frequency 1 Hz) was previously carried out to
determine the linear viscoelastic range of the gels. Gelation time (Tgel),
deﬁned as the time point at which the G′ time curve and G″ time curve
crossed over, was also reported. The pH value of the emulsions at Tgel
was deﬁned as gelation pH (pHgel).
Mechanical Properties. A large deformation rheological test was
applied to evaluate the mechanical properties of EFP gels. The gels
were formed in cylindrical plastic beakers (20 mm internal diameter ×
35 mm height) for 16 h at 25 °C. The test was performed on a TA-
HDi Texture Analyzer (Stable Micro System, Godalming, UK) with a
cylindrical plunger (diameter = 5 mm) and a 5 kg load, operating at a
test speed of 1 mm/s to a total penetration distance of 10 mm. Three
parameters were recorded: force at breaking (N), deﬁned as the ﬁrst
signiﬁcant inﬂection point in the force−distance curve; strain at
breaking (mm), deﬁned as the penetration distance at which the force
at breaking was recorded; and stiﬀness (N/mm), deﬁned as the initial
slope of the force−distance curve.22 The reported results were the
mean value of eight replicates.
Water-Holding Capacity (WHC). For WHC determination, EFP
gels were formed in Nalgene centrifuge tubes (Sigma-Aldrich). The
gels were centrifuged at 20 000g (Sorval RC 5B Plus, DuPont
Instruments, Connecticut, US) for 30 min at 4 °C, and the water
released was then drained, and the amount of water was calculated.
WHC was determined as
= − ×W W
W
WHC 100%T F
T
where WT was the total amount (g) of water in the gel and WF was the
quantity of water (g) released. The mean of three repeats was
reported.23
Microstructure. Confocal scanning laser microscopy was used to
observe the microstructure of the EFP gels. A thin layer (∼2 mm) of
the gel was transferred to a glass slide and stained with a mixture of
Nile red (0.1%, w/v, in distilled water) and fast green (0.1%, w/v, in
distilled water) at a ratio of 3:1. Confocal observation was performed
after 5 h of labeling using a Leica TCS SP5 microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Images of representative
areas of each sample were taken using a 63× oil immersion objective
(numerical aperture = 1.4) at an excitation wavelength of 633 nm,
provided by a He−Ne laser.
Emulsion Flavoring. Emulsion ﬂavoring was achieved before the
addition of GDL, and the procedure was described in a previous
study.27 Brieﬂy, a volatile-ethanol solution (5% v/v for each volatile)
was added into emulsions in gastight glass vials (20 mL, silicone/PTFE
seals) (La-pha-pack GmbH, Langerwehe, Germany) to reach a
concentration of 500 mg/L for each volatile, and the solution was
equilibrated for 1 h. Two grams of the ﬂavored emulsion was rapidly
transferred to a headspace vial (20 mL, silicone/PTFE seals) (La-pha-
pack GmbH) containing 0.01 g of GDL. The vials were stored at 25
°C for 16 h before GC headspace analysis.
GC Headspace Analysis. Headspace concentrations of the
volatiles at diﬀerent time points (0.5,1, 2, 4, 6, 10, 20 min) were
measured using a Varian CP-3800 gas chromatograph (Varian Inc.,
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Palo Alto, CA, USA) equipped with a ZB-5MSi capillary column (60
m, 0.25 mm i.d., ﬁlm thickness = 0.25 μm) and coupled with a FID
detector. Headspace vials containing EFP gels were incubated at 37 °C
for diﬀerent times in a Combi PAL autosampler (CTC Analytics AG,
Switzerland). Injections of the headspace (1 mL) were performed
using a preheated (42 °C) 2.5 mL thermostated gastight syringe
(Hamilton, Switzerland) under split mode (1:10). Only one sampling
was made in each vial. Injector and FID temperatures were 225 and
230 °C, respectively. The helium carrier gas ﬂow rate was 1 mL/min.
The temperature program was as follows: 50 °C (4 min), 200 °C at 10
°C/min rate, 240 °C at 40 °C/min rate (2 min).
To quantify the concentrations of the volatiles in the headspace,
calibration curves of the tested ﬁve volatiles were plotted using peak
areas obtained from GC analysis against six known concentrations of
each volatile in ethanol. The completely vaporized volatile-ethanol
solution (2.0 μL solution in a 20 mL vial, incubated at 37 °C for 1 h)
was analyzed according to the above GC methods. Results were based
on triple analysis.24
Statistical Analysis. Statistical analysis was performed using
OriginPro 7.5. All of the measurements were repeated at least three
times. A one-way analysis of variance (ANOVA), followed by Tukey’s
test, was applied to determine signiﬁcant diﬀerences between the mean
values of each test. A signiﬁcance level of p < 0.05 was used throughout
the study.
■ RESULTS AND DISCUSSION
Characterization of EFP Gels. Storage modulus (G′) is an
indicator of the energy reserved every cycle of deformation, and
its value reﬂects the elastic or solid-like properties of the tested
sample, whereas loss modulus (G″) is a measure of the energy
dissipated by the sample and is connected with the viscous or
liquid-like properties of the sample. Figure 1 shows the
evolution of G′ and G″ as the gelation process went on after the
addition of GDL. A change in the pH of the emulsion was also
recorded. As the graph indicates, when the pH of the emulsion
decreased to about pH 5.9, G′ and G″ increased dramatically,
and the G′ value dominated the G″ value thereafter, indicating
onset of gelation in the emulsion.12 The G′ values increased
further with a decrease in the pH of the emulsion, reaching a
plateau at around pH 4.7, indicating the formation of an elastic
gel at pH values below pH 5. The increase in the G′ over time
was attributed to structure rearrangements within the emulsion,
and a compact gel network was gradually formed.25 The
gelation process took place mainly in the ﬁrst 16 h, as the
storage modulus increased slowly after that.
WPI contributed to the majority of the gel network, and the
change in the WPI content allowed great variation in the
physicochemical properties of the EFP gels. Particle size
analysis showed that the increase in the WPI content coincided
with an increase in the droplet size, and all the emulsions had
droplet sizes < 300 nm, with a ﬁne droplet distribution. The
size diﬀerence could be attributed to depletion ﬂocculation and
bridge ﬂocculation induced by the denatured protein in the
continuous phase.26 No signiﬁcant diﬀerence in Tgel was
observed in gels with a WPI content from 4 to 6%. Because the
evolution of the pH was induced by GDL, all of the emulsions
started gelation at the same pHgel (p > 0.05) (Table 1). During
gelation, the presence of GDL allowed a pH decrease to a value
below the isoelectric point of the WPI, which resulted in a
reduced repulsion force between protein aggregates and then
association of the aggregates through noncovalent interac-
tions.27 In gels with a higher WPI content, protein interactions
and the packing density increased, leading to a strengthened gel
matrix with a higher G′ (Figure 2). It was also observed that an
increase in the WPI content from 3 to 6% led to ∼3-fold
enhancement of the storage modulus. The relationship between
the protein concentration and the gel storage modulus follows a
power law, G′ = f(cx),28 and the exponent x is calculated from
the slope of the log−log relationship between the storage
modulus and the protein concentration. The exponent is
dependent on the gel microstructure and gelation conditions
(e.g., pH, salt composition).28,29 For heat-set protein gels (WPI
0.1−10% w/w), the constant could reach >4.30,31 In the current
cold-set EFP gels with 20% oil, the power law constant
decreased to 2.6. This change indicated that in EFP gels, the
contribution of the protein concentration to the storage
modulus was reduced, which could be a sign of the active
role of oil droplets in the gel.31
Visual observation found that the gel with 3% WPI was
pourable, reﬂecting a weak network. Gels with higher WPI
content presented soft solid-like properties with a smooth
surface and homogeneous cross section. The mechanical
properties of the gels were determined by a texture analyzer
under a penetration test. For all of the gels, an increase in the
WPI content induced an increase in both the force and the
strain at breaking, suggesting that more rigid gels were formed
with a higher WPI content (Table 1). This ﬁnding was in
agreement with published data for cold-set protein gels.32 The
resistance against the deformation of a protein network and
dispersed oil droplets was measured as a force.8 In the more
rigid gels, a closer proximity among the protein chains allowed
a more even distribution of applied force against breaking down
of the gel network. It was also found that the force increased
more than proportionally with the strain value with an increase
in the WPI content, suggesting that the gels with a higher WPI
content became more strain-hardening.8 Stiﬀness calculation
reconﬁrmed the ﬁndings because the value increased with the
WPI content. In line with the visual observation, the gel with
3% WPI presented poor mechanical properties (the lowest
force at breaking and stiﬀness). Determination of the WHC
showed that a higher WPI content also contributed to a higher
WHC, although only a slight diﬀerence was found for gels with
WPI ≥ 4%. In the gel with 3% WPI, about 1/3 of the water was
lost after a centrifuge test, suggesting a weak water−protein gel
interaction and a less compact gel structure. The above result
Figure 1. Evolution of storage modulus (G′), loss modulus (G″), and
pH during the cold-gelation of emulsion ﬁlled protein gel (5% WPI,
20% oil, 0.5% GDL, w/w). The protein solution was preheated at 85
°C for 30 min. The inset image highlights the intersection of G′ and
G″.
Journal of Agricultural and Food Chemistry Article
dx.doi.org/10.1021/jf503931y | J. Agric. Food Chem. XXXX, XXX, XXX−XXXC
also showed that WPI content ≥4% was essential to obtain gels
with suitable mechanical properties.
Because oil droplets behaved as active ﬁllers in EFP gels, the
oil content showed large eﬀects on the gel properties (Table 2).
First, a higher oil content greatly shortened the gelation
process. For example, with 5% oil, the gelation took place 104.3
min after the addition of GDL, but with 20% oil, the gelation
was observed much earlier (61.3 min after GDL addition)
(Table 2). In gels with a higher oil droplet concentration, more
droplet−droplet and droplet−matrix interactions were ex-
pected, and the emulsion presented elastic properties (G′ >
G″) at a much earlier stage.
Second, the maximum rate of increase in G′ and the ﬁnal G′
were higher for gels with a higher oil content (Figure 3).
Similar results were reported by Sok Line et al.,21 who found
that the presence of 30% oil in the protein network enhanced
about 10-fold of the storage modulus. The ﬁndings reconﬁrmed
that oil droplets were acting as space ﬁllers in the gels, and they
helped to build a gel matrix structure through the interaction
between the protein covering the droplets and the protein in
the bulk phase.11
Third, gels with a higher oil content had a higher value of
force at breaking and stiﬀness, although the eﬀect was much
smaller than that of the WPI content. According to Kim et al.,8
the increase in the force at breaking with the oil content was
more signiﬁcant in gels containing smaller droplets. However,
such an increase in force was not observed in the current study,
probably because of the slight deviation in the droplet size of
emulsions with diﬀerent oil contents. Furthermore, the
increased WPI concentration in the water phase (reduced
water content due to the increase in the oil content) could also
contribute to the enhancement of the gel texture. The decrease
in the strain at breaking indicated that the gels became more
Table 1. Eﬀect of WPI Content (w/w) on the Properties of EFP Gels (20% w/w oil)a
3% WPI 4% WPI 5% WPI 6% WPI
size (nm) 200.4 ± 6.7a 209.7 ± 7.8a 223.6 ± 6.8b 267.0 ± 8.9c
Tgel (min) 46.1 ± 1.5a 59.4 ± 1.6b 61.3 ± 2.1b 59.4 ± 1.8b
pHgel 5.91 ± 0.13a 5.80 ± 0.14a 6.02 ± 0.21a 5.94 ± 0.19a
force at breaking (N) 0.16 ± 0.01a 0.60 ± 0.02b 1.44 ± 0.08c 2.36 ± 0.16d
strain at breaking (mm) 2.57 ± 0.09a 3.42 ± 0.17b 4.88 ± 0.27c 5.51 ± 0.47d
stiﬀness (N/mm) 0.08 ± 0.00a 0.17 ± 0.01b 0.29 ± 0.01c 0.42 ± 0.01d
WHCb (%) 67.79 ± 1.50a 95.16 ± 1.74b 97.89 ± 1.2b 100 ± 0.02c
aGelation was induced with the addition of 0.5% w/w GDL. Within each row, values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).
bWHC, water holding capacity.
Figure 2. Eﬀect of WPI content (w/w) on the evolution of the storage
modulus (G′) during the cold-gelation of emulsion-ﬁlled protein gels
(20% oil, 0.5% GDL, w/w). The protein solution was preheated at 85
°C for 30 min.
Table 2. Eﬀect of Oil Content (w/w) on the Properties of EFP gels (5% w/w WPI)a
5% oil 10% oil 15% oil 20% oil
size (nm) 179.4 ± 7.4a 195.0 ± 4.4b 211.3 ± 5.2c 223.6 ± 6.8d
Tgel (min) 104.3 ± 2.4a 77 ± 1.7b 74.3 ± 1.9b 61.3 ± 2.1c
force at breaking (N) 1.19 ± 0.07a 1.25 ± 0.06ab 1.32 ± 0.06bc 1.44 ± 0.08cd
strain at breaking (mm) 8.37 ± 0.61a 7.13 ± 0.52b 5.88 ± 0.52c 4.88 ± 0.27d
stiﬀness (N/mm) 0.13 ± 0.01a 0.16 ± 0.01b 0.21 ± 0.01c 0.29 ± 0.01d
WHCb (%) 96.66 ± 0.47a 98.31 ± 0.30b 99.16 ± 0.42b 97.89 ± 1.20ab
aGelation was induced with the addition of 0.5% w/w GDL. Within each row, values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).
bWHC, water holding capacity.
Figure 3. Eﬀect of oil content (w/w) on the evolution of storage
modulus (G′) during the cold gelation of emulsion-ﬁlled protein gels
(5% WPI, 0.5% GDL, w/w). Protein solution was preheated at 85 °C
for 30 min.
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brittle with the increase in the oil content. The ﬁnding was also
reported in previous studies.8,32,33 The minor eﬀect of the oil
content on the WHC was probably due to the fact that the
water was mostly bound to the protein, and the slight increase
in the rigidity or compactness of the gel did not present a
profound enhancement of the WHC.
From a theoretical point of view, an increase in the oil
content would result in a decrease in both the force and strain
at breaking for gels with foreign droplets , as a result of stress
concentration. Stress concentration can be induced by structure
defects in the structure, for example, oil droplets in the protein
gel network. Becauise of the inhomogeneity in the gel, the gel
between droplets is deformed at a higher level than the gel at
the surface of the droplets under large deformation. The stress
concentration between droplets triggers gel fracture due to
dissociation of gel from the droplets or fracture of the gel
matrix.34,35 Therefore, protein gels with a higher oil content
were more likely to break down at lower stress and strain.
However, a slight increase rather than a decrease in the
breaking force with the oil content was observed in the current
study, which could be attributed to the viscous properties of the
EFP gels. In these gels, viscous ﬂow arose as a result of local
yielding in the area where the stress was concentrated, and
energy was dissipated. Furthermore, the viscous nature of the
interfacial layer of the oil droplets in the gels can dissipate
energy, as well.11 Therefore, more force was required to break
the EFP gels with the higher oil content. Another possible
reason responsible for the slight increase in the breaking force
was that the slip between droplets and the gel matrix took place
at the expense of additional force.36
Figure 4 shows representative confocal microscopy images of
EFP gels with diﬀerent WPI contents and oil contents. As the
pictures indicate, all of the oil droplets (green) had a regular
spherical shape, and they were evenly distributed, with no clear
droplet aggregation being observed. The images did not present
large diﬀerence in droplet size of diﬀerent systems, and the
droplet size obtained was in good agreement with that
determined by dynamic light scattering, suggesting that little
or no coalescence occurred upon gelation. Careful observation
of the protein network (red) showed variation in gel structures
in gels with diﬀerent compositions. Gel A (5% WPI, 20% oil)
presented a continuous network with evenly distributed small
pores, whereas in gel B (5% WPI, 10% oil), the pores became
rather big, and they broke the network. By contrast, gel C (3%
WPI, 20% oil) did not show a typical gel network but, rather, a
network containing only some protein clumps, and individual
oil droplets were observed. This observation supported the
previous ﬁnding that both WPI and oil contributed to form the
gel network, and increase in WPI content or oil content could
result in gels with higher compactness.
Volatile Release from EFP Gels. Five volatile compounds,
that is, propanol (C3), diacetyl (C4), pentanone (C5), hexanal
(C6), and heptanone (C7), were incorporated into the EFP
gels, and their release behaviors were evaluated. The selection
of these compounds was mostly based on the carbon numbers
and polarity of the diﬀerent compounds. Diacetyl is the most
hydrophilic one (log P = −1.43), whereas heptanone is the
most lipophilic one (log P = 1.98), with propanol (log P =
0.25), pentanone (log P = 0.91), and hexanal (log P = 1.78) in
between them.37 Volatile release from food is mainly controlled
by two factors: the volatility of volatile compounds
(thermodynamic factor) and the resistance to mass transfer
from a food matrix to the air phase (kinetic factor).38 The
Figure 4. Confocal microscopy images of cold-set emulsion ﬁlled
protein gels with diﬀerent WPI contents and oil contents: A (5% WPI,
20% oil, w/w), B (5% WPI, 10% oil, w/w), and C (3% WPI, 20% oil,
w/w). Green represents the oil; red, the protein. Gelation was induced
with the addition of 0.5% w/w GDL. Gels were labeled for 5 h before
confocal observation. The bars indicate 5 μm in length.
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thermodynamic factor determines the retention or partition of
volatiles in the matrix at equilibrium, and the kinetic factor
mainly aﬀects the release rate of volatiles from the foods. The
rationale of encapsulating emulsion droplets within a protein
gel network was to reduce the rate of volatile diﬀusion from oil
droplets to the continuous phase and to the external
environment (e.g., headspace, saliva) and mass transfer inside
aqueous phase by creating physical barriers in the oil−water
interface and aqueous phase. Pre-experiments (using the same
GC method described in Material and Methods) indicated that
volatile compounds had linear releases (r2 ranging from 0.96 to
0.99) in the initial stage from 0.5 to 6 or 10 min, and release
equilibrium was reached within 20 min. The slope of the linear
curve was regarded as the release rate of each volatile
compound. Headspace concentrations at equilibrium were
used to calculate partition coeﬃcients KA/E (KA/E = CA/CE, CA,
CE were the volatile concentrations in the headspace and bulk
emulsions, respectively).
Figure 5 shows the release rates of the volatile compounds in
EFP gels (with GDL) or ungelled emulsions (no GDL). In the
systems with 20 or 15% oil, most volatiles had lower release
rates in EFP gels than those in the corresponding ungelled
emulsions. For example, in the EFP gel with 15% oil and 5%
WPI, pentanone had a release rate of 0.098 ± 0.004 mg/L min,
whereas in the ungelled emulsion, the release rate was 0.141 ±
0.001 mg/L min. Similarly, most volatile compounds had a
lower KA/E in the EFP gels than in the ungelled counterparts
(Table 3). Therefore, in the EFP gels, volatile release was at a
lower rate and of lower intensity. Similar ﬁndings were also
reported in other gel systems. Boland et al.14 compared volatile
release from gelatin gel, pectin gel, and starch gel and found
that increasing gel hardness could reduce the amount of
volatiles released to the headspace. Guinard and Marty39
reported that ﬁrm gels made with gelatin and carrageenan had
volatiles released with a lower intensity than soft gels made with
the same gelling agents.
The eﬀect of the gel network on the volatile release could
work through two diﬀerent mechanisms. One was the physical
entrapment of volatile compounds in the gel matrix. It was
reported that the presence of an entangled polymer network in
a gel system could inhibit diﬀusion and reduce the mobility of
small molecules, for example, volatile compounds.40 One may
argue that the open space in the gel network (e.g., pores) could
provide channels for the movement of small molecules, and the
release of volatiles may not be blocked by the gel. In fact,
Juteau-Vigier et al.16 concluded in their study that the structure
level of carrageenan gel did not show a big inﬂuence (<20%) on
diﬀusion properties of ethyl hexanoate, but they admitted that
the mobility of the volatile compounds was limited by the
matrix organization. In the same study, it was also observed that
addition of 1% carrageenan induced a 5.3-fold reduction in the
diﬀusion coeﬃcient of the volatiles. In EFP gels, volatile
compounds, especially the more hydrophobic ones, were
mostly distributed inside oil droplets, which were covered by
compact protein ﬁlms. The movement of volatiles across the
interface could be inhibited to a higher level when the protein
ﬁlm gelled and cross-linked with the gel matrix. The gel matrix
may provide additional force to retard the movement of both
hydrophobic and hydrophilic compounds.
The second mechanism involved interactions between
volatile compounds and gel components, which was also
responsible for the reduced partition coeﬃcients of ethyl
hexanoate in the study conducted by Juteau-Vigier et al.16 The
interactions between the volatiles and protein in the current
system could be due to adsorption, complexation, and
entrapment.15 WPI (or β-lactoglobulin) can attract ketones
and esters through hydrophobic interaction or covalent
binding.41,42 The former attraction occurs in the hydrophobic
pocket (the central calyx) of the protein,41 whereas the latter
could happen at a protein surface.43
According to Harrison and Hills,44 binding reduced the
concentration of free volatile compounds in the aqueous phase
and, consequently, the released volatiles into the headspace.
Protein adsorbed at the interface can act as a barrier to slow
mass transfer of volatiles, leading to reduced release rate.45 For
example, the presence of β-lactoglobulin at the miglyol−water
interface increased resistance to the transfer of benzaldehyde
across the lipid layer.46 In EFP gels, the interaction between the
volatiles and protein was strengthened when the protein was
Figure 5. Release rates of the volatiles in EFP gels (with GDL) and
ungelled emulsions (no GDL) varying in WPI content (w/w), oil
content (w/w), and in the emulsion with unheated WPI solution (with
0.5% w/w GDL). Gelation was induced with the addition of 0.5% w/w
GDL. Samples were incubated at 37 °C before each measuring point.
Table 3. Air−Gel Partition Coeﬃcients (KA/E ×104) of the Volatiles in EFP Gels (with GDL) and Ungelled Emulsions (no
GDL) Varying in WPI Content (w/w), Oil Content (w/w), and in the Emulsion with Unheated WPI Solution (with GDL)a
gelled or ungelled oil content (w/w) WPI content (w/w) propanol diacetyl pentanone hexanal heptanone
ungelled 20 5 0.78 ± 0.02a 1.07 ± 0.06a 3.71 ± 0.13a 1.36 ± 0.06a 0.85 ± 0.03a
ungelled 15 5 0.82 ± 0.02a 0.84 ± 0.02b 4.59 ± 0.11b 1.54 ± 0.05b 1.26 ± 0.06b
gelled 20 5 0.72 ± 0.02b 1.43 ± 0.05c 3.18 ± 0.12c 1.16 ± 0.07c 0.73 ± 0.04c
gelled 15 5 0.74 ± 0.02b 1.33 ± 0.04d 3.82 ± 0.13a 1.54 ± 0.05b 1.05 ± 0.03d
gelled 15 6 0.67 ± 0.04b 0.70 ± 0.05e 3.31 ± 0.25c 1.00 ± 0.06e 0.88 ± 0.06a
not heat-treated 20 5 0.84 ± 0.01d 1.75 ± 0.01f 3.86 ± 0.07a 1.36 ± 0.03a 0.90 ± 0.02a
aGelation was induced with the addition of 0.5% w/w GDL. Within each column, values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).
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heat-denatured. It was reported that in the heating stage, the
selected temperature and time must yield >95% of the protein
to be aggregated so as to produce a gel with appropriate
mechanical properties.47 Therefore, in EFP gels, more hydro-
phobic sites could be present,3,4 and they were able to bind
volatile compounds. In an emulsion with unheated protein
(with GDL, weak gel), the release rates and partition
coeﬃcients of the volatiles were signiﬁcantly higher than
those in the EFP gel and the ungelled emulsion (heat-treated
protein, no GDL) with the same compositions (Table 3). This
ﬁnding could be associated with the newly exposed hydro-
phobic area in the protein structure during heat treatment,
which provides additional binding sites for the hydrophobic
volatile compounds. This deduction contradicted the con-
clusion made by O’Neill and Kinsella,48 who argued that
unfolding of the protein structure (chemically modiﬁed by urea,
sulfate, or ethanol) would result in a reduced binding aﬃnity
for hydrophobic compounds. The disagreement could be due
to the diﬀerent denaturation methods applied. In fact, O’Neill
and Kinsella48 found that the number of binding sites remained
unchanged during denaturation, whereas the binding sites were
believed to increase in the current study. For the more
hydrophilic compounds, interaction with the protein was
induced mainly by hydrogen bonding.
It is well accepted that a reduction in the oil content can
accelerate the release of hydrophobic volatile compounds.49 In
the gelled system, the acceleration was of a much lower level
than that in the ungelled system (Figure 5). For example, the
release rate of heptanone increased from 0.0138 ± 0.0002 to
0.0388 ± 0.0008 mg/L min in the ungelled systems (181%
increase) by reducing the oil content from 20 to 15%, whereas
it increased from 0.0097 ± 0.0006 to 0.0239 ± 0.0014 mg/L
min in the gelled systems (146% increase). Therefore, the EFP
gel has the potential to slow the volatile release in an oil-
reduced system. To verify this hypothesis, an EFP gel with a
lower oil content (15% oil) but stronger gel network (higher
WPI content, 6%) was made. Static headspace analysis revealed
that four out of ﬁve volatiles in the low-oil content gel had
either a lower or an unaﬀected release rate in comparison with
those in the high-oil content gel system (20% oil, 5% WPI)
(Figure 5). In terms of partition coeﬃcients, a similar
conclusion was made. Propanol and pentanone had unchanged
KA/E values as those in the high-oil content gel, and diacetyl and
hexanal had lower KA/E values (Table 3).
To better correlate the gel structure and volatile release,
further studies were conducted on the eﬀects of the WPI and
oil contents on volatile release in EFP gels. Figure 6 shows the
release rates of volatiles in EFP gels with diﬀerent WPI
contents. The expected decrease in the release rate with the
increase in the WPI content was observed when the WPI
content was ≥4%, and in the 3% WPI EFP gel, the volatiles
presented lower release rates than those in the 4% WPI EFP
gel. The eﬀect of the WPI content on the partition coeﬃcients
of the volatiles followed a similar trend (Table 4), as reduced
KA/E values were obtained with the increase in the WPI content
from 4 to 5 and 6%. Similar results were reported in gelatin gels
and pectin gels, in which the increase in the gelling agent
concentration resulted in more rigid gels and lower partition
coeﬃcients of the volatiles.14
Along with the strengthened volatile-protein interaction, the
gel with the higher protein content provided a more compact
network and smaller pores to slow volatile release. Spotti et al.50
found that an increase in the WPI content from 12 to 16%
could reduce the pore size of the WPI gel from 157 to 63 nm;
however, only a slight or no signiﬁcant diﬀerence in the KA/E
values was observed for volatiles in gels containing 3 and 4%
WPI. The relatively lower release of volatile in the 3% WPI
system could be the result of the earlier commencement of the
gelation (Table 1), and more volatiles were trapped in the gel
network before headspace analysis. Although volatiles in the
EFP gel with 6% WPI showed the lowest release rates and
partition coeﬃcients, the diﬀerence was rather small compared
with the release in the 5% WPI system. The result indicated
that both the steric hindrance and volatile-protein bindings in
the EFP gels reached a maximum level in the 5% WPI system,
and they were not linearly increased with a further increase in
the WPI content. An exception to the above discussion was
diacetyl, whose release was signiﬁcantly inhibited in the 6%
WPI system. It could be related to its high hydrophilic
characteristic, and it was mostly distributed in the continuous
aqueous phase. In a system with a higher protein content,
almost all the water was trapped in the network.
Oils can act as volatile precursors, as solvents for volatile
compounds, and as volatile release modulators. Changes in oil
property or oil content can lead to a signiﬁcantly diﬀerent
volatile releasing proﬁle.49 The result obtained in this study was
Table 4. Air−Gel Partition Coeﬃcients (KA/E ×104) of the Volatiles in EFP Gels (20% w/w oil) with Diﬀerent WPI Contents
a
WPI content (%, w/w) propanol diacetyl pentanone hexanal heptanone
3 0.82 ± 0.02a 1.19 ± 0.02a 3.91 ± 0.10a 1.35 ± 0.03a 0.93 ± 0.01a
4 0.81 ± 0.01a 1.58 ± 0.01b 3.95 ± 0.06a 1.48 ± 0.04b 0.96 ± 0.03a
5 0.72 ± 0.02b 1.43 ± 0.05c 3.18 ± 0.12b 1.16 ± 0.07c 0.73 ± 0.04b
6 0.68 ± 0.03b 0.69 ± 0.03d 2.97 ± 0.17b 0.81 ± 0.04d 0.68 ± 0.03b
aGelation was induced with the addition of 0.5% w/w GDL. Within each column, values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).
Figure 6. Release rates of the volatiles in EFP gels varying in WPI
content (20% w/w oil).Gelation was induced with the addition of
0.5% w/w GDL. Samples were incubated at 37 °C before each
measuring point.
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in agreement with previous ﬁndings that an increase in the oil
content can result in a decreased release of lipophilic volatile
compounds49 because volatiles would have reduced concen-
tration in the oil droplets. In EFP gels, increased stiﬀness with a
higher oil content in the gels also contributed to inhibit volatile
release. Signiﬁcantly reduced partition coeﬃcients of penta-
none, hexanal, and heptanone with an increase in the oil
content were observed in the current gels (Table 5). However,
the eﬀect on the release rates of pentanone and hexanal was
rather small or even insigniﬁcant when the oil content was
reduced to 5−15% (Figure 7). The ﬁnding suggested that the
barrier function of the gel network worked better in a low-oil-
content system, but in gels with a higher oil content, the slowed
release by the gel network could not compensate the quick
release induced by a reduction in the oil content. The decreased
release rate of heptanone could be due to its high lipophilic
characteristic (log P = 1.98), and it had a strong aﬃnity for the
oil phase. For the hydrophilic volatile compounds, that is,
propanol and diacetyl, a change in the oil content did not show
a consistent eﬀect on the release rates and partition coeﬃcients,
and sometimes the eﬀect was insigniﬁcant.
This work presents the application of EFP gels as delivery
systems for volatile compounds. The results have demonstrated
that EFP gels can slow volatile release from the gels and reduce
the air−gel partition coeﬃcients at equilibrium. Because WPI
content showed a dominant eﬀect on the rheological properties
(both small deformation and large deformation properties) of
EFP gels, and oil content gave a bigger eﬀect on volatile release,
producing more rigid EFP gels by increasing the WPI content
provided a novel means to inhibit volatile release in oil-reduced
gels. Therefore, EFP gels could ﬁnd applications in fat-reduced
foods with improved ﬂavor proﬁle. However, ﬂavor perception
is inﬂuenced not only by the released volatile but also by the
food texture, and both of them vary signiﬁcantly during oral
processing. To better apply EFP gels to real food systems,
further attempts can be made to understand the eﬀect of gel
breakdown on volatile release and volatile−texture interaction
on ﬂavor perception, either in vivo or in vitro.
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